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This  fine!  technical  report  was  prepared  by  Or.  C.  F.  Barth  of  the 
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Island  Arsenal,  Rock  island,  IL  61201. 

The  principal  investigators  at  TRW  »nc.  Save  been  Or,  C.  F,  Barth  and 
Or.  A.  L.  Hoffmanner*,  Principal  Engineers,  with  program  management 
provided  by  Mr.  F.  N.  Lakfi,  Principal  Engineer  and  Mr.  C.  R.  Cook, 
Section  Manager,  Materials  Development  Department. 
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* Dr,  A.  L.  Hoffmanner  is  currently  with  dattelle  Memorial  Institute, 
Columbus,  Ohio. 
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INTRODUCTION 
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Current  trends  in  small  caliber  weaps)ns  designs  for  the  U.S. 

Army  emphasize  rapid  firing  rates  for  saturation  of  a target  area. 

The  high  ambient  tempe*'  .‘ures,  thermal  transients,  and  corrosive- 
erosive  onvironmont  existing  at  the  bore  surface  are  serious  (actors 
limiting  barrel  life  under  rapid  firing  schedules.  The  field  use  of 
such  w< apons  systems  are  thus  restricted  with  conventional  barrel 
materials.  The  most  successful  approaches  to  accommodate  these  problems 
with  conventional  methods  have  been  realized  through  the  chromium 
plating  of  gun  barrel  bores;  or  the  use  of  short  length  cobalt  alloy 
liners  which  are  shrink  fitted  to  the  breech  end  of  the  gun  barrel  and 
chromium  plating  of  the  remaining  steel  muzzle  end.  However,  the. 
substrate  (Cr-Mo-V  steel)  of  the  chromium  plated  bore  does  not  have 
sufficient  high  temperature  strength  to  withstand  the  erosive  con- 
ditions imposed  by  high  performance  weapons;  and  the  physical  limita- 
tions of  shrink  fitting  are  such  tiwt  only  6-8  inches  of  bore  surface 
can  be  protected  and  failure  of  the  gun  barrel  is  usmlly  initiated 
at  areas  in  front  of  the  liner.  These  problents  can  be  averted  by 
fabricating  barrels  from  alloys  with  greater  refractory  properties  than 
conventional  barrel  steels.  However,  t is  a recognized  fact  that 
fabr i cabi I i ty  and  refractory  behavior  of  alloys  are  usually  inversely 
related.  Furthermore,  such  refractory  materials  are  highly  alloyed 
and  are  significantly  more  expensive  than  conventional  barrel  steels. 

In  recognition  of  these  problems,  the  U.S.  Army  Armament  Convnand  has 
piir^i.ied  iTMtertal  and  fabrication  development  programs  to  define  the 
material  conditions  necessary  to  meet  these  intensive  firing  schedules 
and  the  fabrication  methods  to  achieve  cost  effectiveness. 

The  most  recent  fabrication  developments  sponsored  b/  the  Ariiijmeni 
Command  have  shown  that  7.62mm  barrels  can  be  successfully  produceu 
either  as  homogeneous  or  lined  barrels  virtually  from  any  i -fractory 
alloy.  The  lined  barrels  consist  of  a composite  structure  wi*h  a 
thin  walled  inner  tube  of  the  more  refractory  alloy  acting  as  a bore 
liner.  Precision  swaging  over  a polished  carbide  mandrel  lias  been 
employed  to  develop  the  riflltsg  in  these  experimental  barrels.  Ihis 
chipless  fabrication  method  produces  the  rifling  by  forging  the  outer 
diameter  under  the  reciprocating  action  of  four  hammers  which  iu:drly 
completely  enclose  the  blank  during  the  forging  i.yc'e.  Tlx*  tiigh  com- 
pressive working  stresses  imposed  on  the  barrel  blank  gredfly  enhances 
the  .orkability  of  the  less  tractable  refractory  barrel  materials. 
Recently,  the  utility  of  thij  process  involving  compresstve  prutessing 
stresses  was  used  to  demonstrate  the  feasibility  of  forming  M-l3^<  barrels 
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having  both  chambar  and  rifling  In  a»*soiution  traatad  IN7I8  (R^-  3^)  fully 
hardanad  IM718  (Rt  ^5)  i and  tripla  tamparad  Vatco  H-A  (Rj;  36).  Although 
no  axtanilva  study  has  haan  parformad  to  avaluata  tha  ultimata  pracislcn 
attainabla  by  pracislon  swaging,  consarvativa  astimatas  indicata  that  tha 
procass  Is  at  laast  as  good  as  convantlonai  broaching  and  button  rifling. 

Whan  comb load  with  Intagral  chamba^lng,  it  Is  significantly  mora  cost 
affactiva.  Olmanslonal  pracislon  and  concantr Icl  ty  of  ■♦•.0002  Inch  (■♦•.00051cm) 
arc  raadlly  attalnabla  and  tha  procass  significantly  raTinas  tha  surTaca  fin- 
ish and  dtmansional  pracislon  of  tha  starting  blank.  Surfaca  finishes  of 
8 microinchas  arlthmatic  avaraga  (AA)  in  tha  bora  can  ba  achievad  with  no 
spacial  blank  praparation.  Typical  procass  cyclas  are  approximataly  k-5  mln- 
utas  par  barral  whila  maintaining  this  finish  quality  level. 

Tha  suparlority  of  the  precision  swage  over  Cc want  Iona  I procedures 
of  rifling  and  chambering  has  bean  established  for  CR-Mo-V  barrel  steels. 
Generation  of  full  I.D.  contour--  by  precision  swaging  Is  an  absolute  neces- 
sity for  the  more  refractory  alloys  because  these  alloys  are  virtually 
Impossible  to  machine  accurately  and  economically  hy  traditional  n^thods. 
Broaching  and  button  rifling  become  very  difficult  for  stands  d barrel  steels 
at  hardness  levels  above  approximataly  Rc  32  while  the  morr  heat  resistant 
alloys  are  significantly  less  machinable  at  Rc  32  than  steels. 

The  need  for  applying  precision  rotary  swaging  to  barrel  fabrication 
of  tha  more,  refractory  alloys  was  dictated  by  their  reinarkably  poor  machine- 
ability  yat  tha  procass  Is  cost  affective  even  for  conventional  alloys.  Pre- 
cision swaging  has  ba<un  demonstrated  to  ba  capable  of  generating  high  quality 
I.D.  barrel  configurations  from  a gun  driiied  tubular  blank  but  Is  liiTiitsd 
to  a cylindrical  0.0.  geometry.  As  a result,  the  volume  of  material  consumed 
In  barral  fabrication  Is  virtually  the  same  for  either  conventional  machining 
procedures  or  precision  swaging.  The  material  lost  as  chips  In  M-I3k  barrel 
fabrication  Is  In  excess  of  1.5  times  the  net  barrel  weight  for  a cylindri- 
cal starting  blank.  This  scrap  loss  Is  not  particularly  serious  for  low  alloy 
steel  barrels  but  will  become  significant  for  the  rnore  refractory  iron  and 
nickel  base  alloy  systems  which  cost  approximately  3 to  20  times  more 
per  pound.  For  example,  U-700  would  cost  ..bout  $12  per  pound  in  quantity 
purchases  resulting  In  a material  Investment  of  $91  per  barrel  with  a 
chip  loss  of  $55.  Therefore,  efforts  to  reduce  chip  losses  are  cost 
effective  when  <more  highly  alloyed  materials  are  employed  as  gun  tubes. 

The  GFM  Gesellschaft  fur  Fertlgunstechnlk  und  Maschl nenbau)  radial  forg- 
ing machines  possess  the  compressive  working  behavior  characteristic 
of  the  swage  while  providing  both  I.D.  and  0.0.  contouring  capabili- 
tius.  The  use  of  this  type  machine  provides  the  potential  for  a signi- 


fic^nt  adv«nc»iP«nt  In  ch«  r^nufactur Ing  tacSinology  for  mlilc^iry  gun 
barrels  end  represents  a sophisticated  approach  to  chip!ft>-»  machining. 

The  ebility  to  achieve  detailed  I.D.  and  O.D-  ;;ontouring  by 
precision  rotary  forging  will  be  limited  primarily  by  the  specific 
material  performance  capabilities  and  by  costs  o; Iginatlng  from  the 
manufacturing  routing.  As  an  example,  an  alloy  of  low  workability  may 
be  subject  to  cracking  during  a one-pass  forging  operation,  thus  neces- 
sitating a multiple  pass  sequence  with  intermediate  annealing.  The 
added  costs  of  a multiple  close  tolerance  forging  schedule  may  be  of 
sufficient  magnitude  to  offset  the  reductions  in  metal  removal  costs 
gained  by  the  close  contour  forging.  This  tradeoff  will  become  more 
significant  as  the  cost  of  a candidate  barrel  material  increases. 

Since  material  costs  in  general  are  approximately  inversely  propor- 
tional to  workability,  the  need  to  forge  closer  to  the  finished  config- 
uration increases  for  the  more  refractory  alloys  of  relatively  low 
forgeabt I Ity. 

The  current  program  requirement  is  to  fabricate  M-13^  and  M-219 
barrels  from  an  alloy  steal  and  a superalloy.  It  is  primarily  designed 
to  develop  the  manufacturing  technology  required  to  produce  these  barrels 
from  the  more  refractory  materials  to  demonstrate  whether  the  perform- 
ance gains  can  be  made  on  a cost  effective  basis.  Because  of  the  high 
cost  of  material  and  matal  removal  processing  required  for  candidate 
rapid  fira  weapons  alloys,  this  program  on  advanced  manufacturing  methods 
considers  the  nK?st  edvenced  chipless  ff*Achlnlng  And  rnetal  roniovjBl  pro“ 
cedures  to  achieve  the  optimum  level  of  cost  effectiveness.  It  is  felt 
that  with  these  procedures  the  fabrication  methods  should  become  com- 
parable to  that  for  barrels  of  conventional  steels.  The  materials  cost 
penalty  present  for  more  sophisticated  alloy  systems  can  be  greatly 
reduced  by  the  contour  forging  capabi lilies  offered  by  precision  rotary 
forging.  The  extent  to  which  these  capabilities  can  be  utilized  d'oer-- 
however  on  bore  surface  quality  and  dimensional  precision  constraints  on 
the  amount  of  0.0.  contouring  that  is  practicable.  Thus,  a detailed 
examination  of  the  entire  process  routing  has  been  included  in  the  pro- 
gram effort  to  define  the  performance  limits  of  the  overall  program 
concepts . 


'’^  ->-».  ’.^^' ' ■ ■••. 


2.0  BACKGROUND  AND  TECHNICAL  DISCUSSION 


The  selection  of  a specific  manufacturing  process  from  scaled 
or  pilot  fabrication  processes  requires  that  precise  economic  evalua- 
tions be  obtained  for  testing  the  many  alternatives  which  the  process 
sequence  could  follow.  These  considerations  should  Include  the  following: 

1.  Material  composition,  cost,  and  condition,  including  hard- 
ness and  microstructure  before  and  after  processing; 

2.  Capital  investment  requirements; 

3>  Machine  cycling  rate  and  parts  produced  per  cycle; 

4.  Machine  tooling  and  regrIndIng  costs; 

5.  Machine  maintenance: 

6.  Quality  and  dimensional  constraints  on  final  product; 

7.  ^etup,  tool  change,  and  resharpen  time;  and, 

8.  Inspection. 

The  alternative  to  which  these  considerations  .might  be  applied  were  eval- 
uated and  reviewed  during  a previous  program.'^'  This  work  established 
that  gun  drilling  was  the  most  economical  procedure  for  fabricating  homo- 
geneous gun  barrel  tubes  if  a blank  could  be  through-drilled  without 
resharpening  the  tool.  Electrochemical  drilling  would  be  an  alterna- 
tive procedure  in  the  event  of  extremely  poor  tool  life.  Feed  rates 
with  this  procedure  are  very  low  and  would  necessitate  a large  capital 
investment  to  meet  practical  production  schedules.  Hot  piercing  and 
extrusion  were  found  amenable  to  lined  barrel  fabrication  and  consoli- 
dation of  powdered  alloys  respectively.  Homogeneous  tube  fabrication 
costs  by  either  of  these  two  methods  would  be  high  because  of  secondary 
conditioning  treatments  and  low  product  yields.  Therefore,  based  on 
the  results  of  the  previous  program,  gun  drilling  was  selected  for  this 
effort  for  fabrication  of  homogeneous  barrel  tubes.  The  gun  drilling 
will  be  performed  with  specia’  fixtures  to  reduce  runout  and  hence  facil- 
itate subsequent  processing  operations. 


(I)  A.  L.  Hoffmanner,  "Improved  Manufacturing  Methods 
of  7>82  mm  Superalloy  Barrels  (Part  II)",  Weapons 
USAWECOM,  Pieport  No.  SWERR-TR-72-55,  Sept.  1972 
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The  full  utility  of  GFH  radial  forging  can  be  achieved  if  closely 
contoured  barr  blanks  are  produced  with  good  concentricity,  straight- 
ness, bore  dimensional  precision  within  4.0002  inch  and  bore  surface 
finishes  below  about  20  microinch  AA.  ATthough  the  radial  forging  mach- 
ine can  produce  O.D.  contours,  the  basic  action  of  the  hammers  or  dies 
and,  therefore,  the  dimensional  reproduction  possible  are  similar  to 
precision  rotary  swaging.  Variations  of  bore  dimensions  of  4.0001  inch 
or  less  are  typical  in  both  cases  during  cold  working.  However,  the 
concentricity  of  the  O.D,  and  I ,D .,  straightness  of  the  bore,  and  surface 
finish  will  depend  on  all  of  the  following  conditions:  concentricity, 

straightness  and  surface  finish  of  the  drilled  tube;  reduction;  and  die 
design.  The  previous  barrel  fabrication  program'"  demonstrated  that 
rotary  swaging  would  improve  the  concentricity  level  of  the  original 
tube,  but  the  improvement  became  negligible  for  initial  runouts  below 
0.010  inch  (.025  cm)  in  23  inches  (.52  m)  and  a nominal  15  percent  area 
reduction.  This  amount  of  runout  was  the  upper  limit  of  measurements 
made  on  centerless  ground  bars  and  supports  the  fact  that  the  inherent 
gun  drill  design  will  produce  forged  tubes  of  minimum  runout.  This  is 
an  important  consideration  in  that  reduction  of  runout  du. ing  forging 
occurs  by  an  attempt  to  center  the  mandrel  within  the  bar  during  plastic 
flow  conditions  by  assymetric  deformation.  Depending  on  the  magnitude 
of  the  reduction,  this  deformation  itode  can  result  in  an  assymetric 
residual  stress  pattern.  This  in  turn  will  certainly  lead  to  production 
of  forgings  of  low  straightness  and  will  be  a recurrent  problem  as  the 
forging  is  finish  machined.  Once  straightening  is  performed  on  a barrel, 
experience  has  shown  that  it  must  be  repeatedly  performed  through  the 
fabrication  routing.  Straightening  also  introduces  additional  high  cost 
manual  procedures  and  probably  influences  final  barrel  performance  by 
adding  further  non-symmetricai  residual  stress  patterns  wh^ch  can  be 
relieved  by  service  temperatures  generated  during  rapid  firing  schedules. 

The  most  severe  limitation  on  the  use  of  GFH  forging  for  effi- 
cient barrel  fabrication  is  the  net  part  shape.  Steep  sided  shoulders 
and  lugs  are  nearly  impossible  to  forge  directly  because  constraints 
on  die  design  contours  aro  necessary  to  maintain  workpiece  alignment 
and  achieve  a reasonable  feed,  or  production  rate.  Furthermore,  qual- 
ity and  dimensional  requirements,  in  general,  place  severe  limitations 
on  the  variation  of  reduction  which  can  be  produced  in  a blank  due  to 
the  effect  of  reduction  on  surface  finish,  residual  stress,  reproduc- 
tion of  the  rifling  and  overall  barrel  dimensions.  The  internal  sur- 
face finish  of  swaged  parts  improves  as  the  surface  finishes  on  the 
mandrel  and  initial  prepared  tube  bore  are  improved  and  as  the  reduc- 
tion increases.  Therefore,  requirements  on  minimum  reduction  and 
maximum  surface  finishes  on  the  tube  and  mandrel  are  necessitated  by 

(I)  A.  L.  Hoffmanner,  "Improved  Manufacturing  Methods  for  Fabrication 

of  7*62  mm  Superalloy  Barrels  (Part  II)",  Weapons  Laboratory,  USAWECOM, 
Report  Mo.  SWERR-TR-72-55,  Sept.  1972. 
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the  specified  bore  surface  finish.  An  objectionable  quality  feature 
could  still  arise  during  0.0.  contouring  due  to  variations  of  surface 
finish  along  the  bore  surface  below  the  maximum  specified  finish. 

This  feature  would  appear  as  a variation  of  reflectivity  throughout 
the  bore  which  could  be  acceptable  in  terms  of  part  print  specifica 
tions.  Typically,  this  variation  might  occur  from  a maximum  of  20  micro- 
inches or  loss  to  6 mIcroIncheSi  However,  any  subsequent  electropolish- 
ing would  have  a larger  effect  on  the  highest  valueci  and,  thereby  would 
reduce  the  spread.  This  problem  appears  relatively  minor  because  it  is 
well  understood  and  easily  controlled.  The  following  discussions  will 
outline  more  severe  limitations  which,  in  general,  are  known  to  GFH  bar- 
rel fabricators  but  are  not  well  understood  or  publicized.  Many  of  the 
following  problems  are  also  encountered  with  the  precision  swage. 

During  radial  forging  and  swaging  there  is  a minimum  area  reduc- 
tion required  to  accurately  generate  rifling  In  the  bore.  This  minimum 
is  usually  in  the  range  of  15  to  22  percent  reduction  of  area  but  also 
depends  strongly  on  material  characteristics  and  die  design.  There  are 
also  practical  limits  on  the  maximum  reduction  beyond  which  failures 
can  occur  by  three  basic  mechanisms:  a)  the  radii  at  the  land-groove 

Junction  become  distorted;  b)  shear  strains  under  the  lands  become 
great  enough  to  promote  surface  spalling;  and  c)  the  deformation  capa- 
bility of  the  material  is  exceeded  and  fracture  occurs  through  the  wall 
thickness.  Contouring  of  the  O.D'.  must  therefore  be  achieved  between 
these  limiting  constraints.  The  maximum  reductions  also  depend  on 
whether  a tube  is  to  be  forged  with  rifling  only  or  combined  rifling 
and  chambering.  In  the  former  case  continued  deformation  following 
initial  contact  with  the  mandrel  and  development  leads  to  shear  failures 
and  radii  distortion  after  approximately  25-30  percent  reduction.  The 
difference  between  minimum  and  maximum  deformation  levels  permits  only 
a modest  ^ percent  variation  in O.D.  contours.  As  a consequence,  a 
substantial  amount  of  stock  would  remain  to  be  machined  from  the  barrel 
portion  even  if  the  breech  end  were  forged  very  close  to  finishO.D. 

A much  greater  latitude  exists  for  combined  rifling  and  chambering,  how- 
ever because  the  total  deformation  capability  of  a typical  barrel  mater- 
ial is  on  the  order  of  50  to  601  reduction.  The  as-drilied  blank  must 
clear  the  larger  diameter  chambering  mandrel  and  can  thereby  be  reduced 
some  30  percent  along  the  barrel  portion  before  the  1 .4) . contacts  the 
rifling  area  on  the  mandrel.  An  additional  15  to  22  percent  reduction 
can  then  be  achieved  to  generate  the  rifling  without  encountering  frac- 
ture through  the  wall  thickness.  Reductions  at  the  breech  end  need  only 
be  15  to  22  percent  to  properly  form  the  larger  body  portion  of  the  cham- 
ber. A potential  contouring  capability  of  jfl5  percent  can  be  realized 
thus  substantially  reducing  the  volume  of  excess  material  along  the  barrel 
portion  of  the  as-forged  tube.  The  combined  operation  then  represents  a 
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mor«  •conomIcaHy  attractive  alternative,  particularly  when  it  is  recog- 
nized that  mechanical  chambering  operations  are  also  eliminated  along 
with  reduced  metal  removal  requirements  on  the  0.0.  surfaces. 

The  maximum  and  minimum  reductions  ore  processing  limits  imposed 
directly  by  the  material.  Other  limits  are  imposed  indirectly  by  the 
material  through  raw  material  costs,  machining  rates  and  other  fabri- 
cation costs.  These  other  fabrication  costs  Involve  machining  or  forg- 
ing a preform.  A machined  preform  would  result  in  additional  costs 
arising  from  loss  of  material  and  the  cost  of  machining,  whereas  a 
forged  preform  would  avert  significant  loss  of  material,  but  probably 
would  necessitate  subsequent  heat  treatment  and  bore  conditioning 
before  final  forging.  Preforming  could  also  be  performed  up  to  IbOO’F. 
However,  the  dimensional  requirements  and  required  lack  of  surface  con- 
tamination of  the  final  product  would  necessitate  final  cold  forging. 

This  deduction  is  based  on  the  following  data  published  by  GFM  for 
dimensional  precision  attainable  with  radial  forging: 


1.  Cold  Forging: 

a)  Rifling  tolerance  ^0.0001  inch  (+.25  um) 

b)  Chamber  Tolerance  ^0.0006  inch  (+1.52  pm) 

2.  Hot  Forging: 

a)  O.D.  Tolerances  +0.006  l.ich  (+15*2  wm) 

b)  I.D.  Tolerances  +0.002  inch  (^5»08  um) 

Material  costs  for  barrels  fabricated  from  alloys  such  as  U-700 
would  be  over  $90  per  blank,  which  Is  anticipated  to  be  significantly 
greater  than  the  fabrication  costs.  Thie  inverse  would  be  true  for  H- 1 1 
or  Cr-Mo-V  steels.  Therefore,  an  effort  to  achieve  a reduction  in  the 
material  consumed  per  barrel  becomes  an  important  goal  in  the  case  of 
the  more  refractory  alloys  bec'^use  this  cost  can  seriously  influence 
the  overall  process  economics,  i^or  this  reason  the  degree  of  I.D.  and 
O.D.  contouring  produced  in  a given  barrel  cannot  be  approached  arbi- 
trarily but  must  be  designed  as  part  of  an  overall  analysis  of  the  entire 
fabrication  sequence. 

Metal  removal  costs  are  directly  related  to  the  amount  and  distri- 
bution of  the  stock  envelope  on  the  forged  blank  because  feed  rates  and 
hence  cycle  times  in  either  plunge  grinding  or  turning  must  be  determined 
approximately  from  the  point  of  initial  too  I -workpiece  contact.  Plunge 
form  grinding  becomes  economically  attractive  over  turning  as  the  mach- 
ineability  of  the  work  decreases  and  appears  to  be  the  most  economical 
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mtthod  for  finishing  bsrrsis  of  U-700  mitorial  whila  althor  grinding  or 
turning  may  b«  suitabla  for  tha  H-11  matarial.  Incraasad  form  complax- 
Ity  also  favors  plunga  grinding  bacausa  folloMar  rasts  cannot  ba  effic-* 
lantly  usad  to  achiova  tha  rigidity  nacassary  to  sustain  high  stocl 
ramoval  ratas  during  turning  operations.  Tha  form  complexity  of  the 
H-13^  barral  is  more  amanabla  to  economical  plunga  grinding  than  the 
h*2l9  contours.  For  those  reasons  plurga  grinding  appears  to  ba  suit- 
able for  tha  H-I34  barrels  of  U-700  and  H-II  materials  whila  tha 
relatively  simple  taparad  M-219  barral  forged  of  H-li  can  ba  NC  turned 
utilizing  a hydraulic  follower  rest. 

Chamber  finishing  can  ba  performed  either  by  direct  forging  or 
by  conventional  procedures  from  a rifled  only  forging.  ECM  can  be  used 
to  rough  machine  the  chamber  but  cannot  hold  the  required  corner  radii 
in  the  chamber  neck  area  to  be  used  as  a finishing  method. 

Tool  life  and  forging  evaluation  must  be  utilized  to  establish  the  most 
reliable  and  cost  effective  procedural  sequence. 

The  general  fabrication  scheme  for  barrels  planned  for 

investigation  on  this  program  Is  flow  charted  in  Figcre  1 and  consists 
of  the  following  major  steps:  tube  preparation;  radial  forging,  form 

grinding,  chambering,  and  chromium  plating.  The  two  most  critical  steps 
in  the  sequence  are  radial  forging  and  electroplating.  The  questions 
involving  material  response  to  attempts  at  O.U.  and  l«U.  contouring 
represent  more  serious  obstacles  than  identification  of  optimum  metal 
removal  procedures  while  the  electroplating  operations  are  dependent 
upon  the  overall  quality  of  the  rifled  bore.  Many  of  the  process  devel- 
opment efforts  in  each  fabrication  step  must  evolve  with  the  program  to 
define  their  relative  impacts  on  barrel  quality  and  cost. 

The  primary  objectives  of  this  program  are  threefold: 

1)  to  examine  and  define  the  impact  each  of  the  many  process 
variables  exert  on  effective  use  of  precision  radial  forg- 
ing to  produce  H-13^  and  H-219  gun  tubes; 

2)  to  successfully  fabricate  a quantity  of  M-134  and  M-219 
barrels  to  demonstrate  that  precision  rotary  forging  is  a 
viable  advanced  fabrication  method;  and 

3)  to  develop  an  optimum  routing  for  O.D.  finishing  of  the 
forged  tubes. 

Drawings  of  the  M-134  and  M-219  barrel  configurations  are 
presented  in  Figures  2 and  3 respectively  for  purposes  of  illustration. 
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Figure  2.  Bar'et  Configuration  for  M-13^  6uo  Tube 


Figure  3*  Barrel  Configuration  for  N-219  Tuba. 


RESULTS  AHO  DISCUSSIONS 


Tha  attabl  Ithmant  of  advancod  procadurat  for  fabriciitlon  of  aroalon 
raalstant  7>62nia  barrala  hat  piocaadad  at  an  avolutlonary-typa  pro9ra». 

Much  of  tha  tupportiva  tachnology  nacattary  to  tustain  this  effort  was 
davalopad  at  an  Intagral  part  of  the  ovarall  program  activity.  Fur 
purpotat  of  organixation,  tha  ratuitt  will  ba  treated  In  a three  part 
ditcuttlon.  Tha  procatt  davalopment  activity  will  comprite  Task  I while 
tha  fabrication  of  barrels  for  actual  test  evaluation  will  ba  reviewed 
In  Task  li.  Tha  economic  analysis  and  manufacturing  routing  development 
will  ba  pratantad  In  Task  III.  Flowcharts  illustrating  the  sequence 
followed  for  each  of  tha  three  tasks  are  presented  in  Figure  *♦. 

3.1  TASK  I - Process  Devaiopmant 

3.1.1  Material 

Tha  process  development  phase  was  subjected  to  a sequential 
investigation  according  to  the  outline  Illustrated  In  Figure  k.  Two  materials 
ware  initially  selected  for  evaluation  on  this  program;  U-700,  a nickel - 
base  superalloy  and  H-ll,  a 5E  chromium  hot  work  die  steel.  During  the 
course  of  this  Investigation,  Incoloy  903  was  also  included  In  the  program. 
This  alloy  was  selected  on  the  basis  of  high  strength,  good  formability, 
and  unlike  other  alloys  In  this  case  is  chromium-free.  This  latter 
point  is  important  In  that  high  chromium  alloys  are  difficult  to  plate  and 
is  a reason  why  an  alloy  Ilka  IN7I8  was  not  selected.  The  compositions 
of  the  three  materials  are  presented  In  Table  I. 

Stock  sixes  were  determined  through  extensive  discussions 
with  GFM  Machines  Inc.  (USA)  and  GFM  at  Steyr,  Austria.  The  dimensions 
selected  wore  designed  to  provide  stock  for  subsequent  forging  of  M“13f* 
gun  tubes  having  both  rifling  and  chambering  with  O.D,  contouring  and 
rifled  M-219  tubes  with  0.0.  contouring.  Stock  allowance  of  .025  Inch 
(.06b  cm)  were  allowed  to  clean  up  the  heat  treated  surfaces  and  permit 
bringing  tha  T.I.R.*  of  the  0.0.  to  within  the  desired  t.005  inch  (I. 013  cm) 
runout  limit  on  the  gun  drilled  hole  during  preform  preparation.  A summary 
of  the  sizes  procured  is  presented  in  Table  II. 

Heat  treating  experiments  were  conducted  on  slugs  of  the 
U-700  material  to  establish  baseline  data  on  grain  size,  hardness,  cracking, 
and  banding  of  second  phase  const i tutents  as  influe,  ed  by  solutioning 


*T.I.R.  refers  to  the  Total  Indicator  Reading  of  a dial  gage  mounted 

at  bar  center  as  the  bar  is  rotated  while  supported  on  rollers 
located  at  the  bar  ends. 
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TABLE  II 


H>2I9 

B I f 1 1 ng  Only 


1.75  in.  dia.  x I9-0 
{k.kk  K 48. 3 cm) 


tamparatura,  quanch  methods,  and  aging  affects.  The  results  of  the  heat 
treat  evaluation  are  presented  In  Figure  5 and  Involved  four  variations  on 
solutlonino  temperatures  and  quenching  methods.  A solutioning  tamperature 
of  2II0*P  0)5^*C)  Mas  selected  as  a compromise  between  grain  site  and 
banding  considerations.  It  represents  the  low  temperature  end  of  the 
range  for  maximum  elevated  temperature  stress  rupture  properties  and  the 
extreme  high  temperature  range  for  good  toughness  and  low-cycle  thermal 
fatigue  performance.  As  a result  of  the  study,  the  U-700  was  heat 
treated  for  evaluation  at  two  conditions:  fully  aged  at  maximum  hardness; 

and  at  the  softest  condition,  after  aging  at  I975*F  (I079*C).  The  fully 
aged  condition  represents  the  most  economically  desirable  state  In  that 
no  further  thermal  treatment  Is  needed  after  forging  while  the  partially 
aged  condition  offers  improved  workability  at  the  expense  of  requiring 
some  further  low  temperature  post-forge  heat  treatment.  The  IN903 
material  was  prepared  for  evaluation  In  the  fully  heat  treated  condition 
as  the  solution  treatment  and  aging  process  has  been  designed  as  a single, 
continuous  operation.  No  evaluation  was  required  for  the  H-ll  material 
because  It  was  an  objective  of  the  program  to  fabricate  barrels  at  a 
hardness  level  of  36-38  Rc,  ideally  by  a combination  of  an  appropriate 
quench  and  tamper  operation  prior  to  forging.  A summary  of  the  heat 
treating  schedule  Is  presented  in  Table  III  for  the  three  candidate  alloys. 


Raw  Hater la I Stock  Dimensions 

Hatarial  B i f I ing*^an3**Chamber  i ng 

U-700  I.AI  In.  die.  x 17.5  in. 

(3.58  X kk.S  cm) 

IN  903  I ^0  In.  dia.  x 17.5  in. 

(3.55  X AA.5  cm) 

H-li  I.AIO  in.  dia.  x 17.5  In. 

(3.58  X LA. 5 cm) 
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3.1.2 


>«r  Cond  1 1 1 on  I nfl 

Th«  adh«r«nt  salt  on  U-700  and  tha  light  oxida  films 
praaant  on  tha  IN9O3  and  H-11  rasulting  from  t - haat  traating  operation 
ware  roMovad  by  rotary  table  grit  blasting  preparatory  to  gun  drilling. 

As  a cost  reduction  effort,  It  was  planned  to  eliminate  an  O.D.  machining 
operation  prior  to  hole  drilling.  Two  requirements  must  be  satisfied 
to  meet  this  objective;  first.  It  must  be  possible  to  remove  sufficient 
stock  on  the  O.D.  to  eliminate  any  potential  surface  cracking  or  compo- 
sitional ef facts  remaining  from  the  heat  treating  process;  end  second, 
restore  concentricity  between  the  O.D.  and  tha  gun  drilled  hole. 

Runout  measurements  were  made  before  and  after  heat 
treatment  to  evaluate  changes  In  T.I.R.  and  the  variance  associated 
with  each  group  of  determlnStlons  were  computed  to  provide  a 951  con- 
fidence interval  statement.  The  significance  of  the  confidence  Interval 
Is  that  a 95t  probability  exists  that  all  parts  measured  will  fall 
below  the  maximum  calculated  limit.  This  upper  limit  defines  an  optimum 
stock  allowance  to  assure  that  bars  clean-up  and  the  concentricity  between 
bora  and  O.D.  Is  restored  to  within  the  required  t.005  Inch  (.013  cm) 
tolerance.  Recall  that  high  concentricity  Is  necessary  to  avoid 
rasidual  stress  effects  due  to  assymetric  deformation  during  the  sub- 
sequent forging  procedure.  A summery  of  the  observed  datu  Is  presented 
In  Table  IV  which  shows  that  the  maximum  951  limit  on  heat  treatment 
distortion  ranged  between  .0079  inches  (.0201  cm)  and  .0024  Inches 
(.0061  cm)  for  the  larger  diameter  M-219  preform  stock  and  ranged  between 
n9ll  A9C  tn/*kdb«  / niA  nAh  fnr  thm  H-1  I end  U-700  stock. 

ev<m«  9««sip  ewei^  •■».  ».•—  • • - • • 

The  IN903  was  apparently  subject  to  slightly  greater  distortion,  .031 
Inches  (.078  cm),  a fact  which  led  to  difficulties  eticountered  later  in 
the  program. 
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-J 


Alloy 

U-700 


IN  903 


TABLE  III 


V. ..'  u’g-i«rTTM<; ! \r.  '.!■  j v ■ u u % 


J\m 

k Hr. 
^ Hr. 
2A  Hr. 
16  Hr. 

BrohMt 

.5  Hr. 
2 Hr. 
2 Hr. 

8 Hr. 


rotun 


2II0*F  (II5A*C) 
I975*F  (I079*C) 
I550*F  (843*0 
1400*F  (760*C) 

I500*F  (8l5“C) 
1800*F  (982*0 
I180*F  (638*0 
I180*F  (638*C) 

I325*F  (718*0 


Cooling  Modo 


HorOnoti 


Rc  40-41 


A.C.  Rc  35-36 

Furnace  Cool  100*/Hr  to  II50*F 
(38*C.  621*0 


I150*C  (62I*C) 


R(.  38-40 
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StMdiM  of  tho  runout  dovUttont  oncountorod  ottabllshod 
that  • stock  sllowonco  of  .030  Inehos  (.076cm)  would  bo  odoquoto  to  permit 
simplification  of  tha  blank  preparation  saquanca  to  tha  following  stops: 

1.  Obtain  bar  stock  lo  .030  Inch  (.076  cm)  ovar  preform  O.D.; 

2.  Heat  treat  In  salt  or  protective  atmosphere; 

3.  Gun  drill;  and, 

k.  Hachina  O.D.  concentric  to  gun  drilled  i.D.  bore. 

3.1.3.  Gun  Drilling  Development 

A series  of  experiments  were  conducted  to  define  reason- 
ably economical  gun  drilling  parameters,  particularly  for  the  difficult- 
to-machine  U-700  alloy.  An  Initial  series  of  tests  established  that 
Eldorado  N-133  drills  operated  with  less  chatter  than  the  N73E  point 
geometry  and  gave  slightly  greater  tool  life  as  well.  Further,  compara- 
tive tests  were  conducted  which  established  that  a twofold  difference  in 
tool  life  existed  between  36  inch  (.91  m)  . and  22  Inch  ( .$6  m)  drills. 
The  shorter  drills  would  not  extend  through  tho  driver  and  machine  guide 
bushings  to  drill  the  preforms  completely  through  however.  This  diffi- 
culty was  averted  by  welding  a rigid  extension  to  the  drill  base  .7S  Inch 
(1.9  cm)  diameter  and  6 Inches  (15.2  cm)  long  to  retain  the  better  tool 
life  advantage  offered  by  the  shorter  and  presumably  more  rigid  drill. 


Tests  were  conducted  using  the  modified  22  inch  (.56m) 

N-133  gun  drills  and  an  oil  pressure  in  the  drill  of  1000  psi  (6.89  HFa) 
to  investigate  the  influence  of  feed  and  speed  on  tool  life  and  part 
quality.  The  data  obtained  are  summarized  in  the  first  seven  rows  of 
Table  V.  These  data  show  that  a maximum  tool  life  of  approximately  I inch 
(2.5k  cm)  was  achieved  with  U-700  alloy  for  feed  rates  below  .k  inches-min~' 
(.019  cm-sec~M.  Drill  breakage  was  considered  severe  in  all  cases  in  that 
a blank  was  also  lost  each  time  a drill  was  broken.  A further  complication 
was  that  the  automatic  torque  sensor  lacked  the  sensitivity  to  respon.*  to 
drill  shaft  windup  prior  to  failure  for  speeds  above  the  .k  ipm  (.019  cm- 
sec~')  infeed  rate.  Most  of  the  drill  tests  were  therefore  terminated  man- 
ually at  the  first  incidence  of  audible  chatter,  which  usually  began  during 
the  final  25  percent  of  tool  life  for  a drill  run  until  failure.  There 
appeared  to  be  no  detectable  difference  in  tool  life  between  partially  aged 
(min.  hardness)  and  fully  aged  (max.  properties)  U-700  material.  The  major 
influence  of  running  at  slower  speeds  was  that  the  torque  cutoff  would  func- 
tion and  avert  catastrophic  drill  breakage.  Attempts  to  get  incremental 
hole  depths  In  excess  of  .8  Inch  (2  cm)  resulted  in  a high  probability  of 
drill  breakage. 


20 


of  U-700  Sun  Drilling  Tests 
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A chang*  In  th«  cutting  fluid  was  than  made  because  feed  rate 
reductions  failed  to  significantly  extend  tool  life  beyond  approximately 
a one-inch  (2.5  cm)  maximum.  A more  heavily  compounded  cutting  fluid, 
White  and  Bagl^  ^ No.  2480,  Mas  substituted  for  the  Franklin  Peerless  Oil 
The  compositions  for  the  two  oils  are  compared  in  Table  VI. 

TABLE  VI 

Gun  Drilling  Oils  Evaluated 


Hfr  and  Grade 
Das  I gnat  I on 


Sulfur 


Chlor ine 


Fatty  Acids 
And  Wax.  % 


Franklin  Peerless  Oil 
Lot  No.  71571 

White  and  Bag  ley 
No.  2480 


A dramatic  fourfold  improvement  in  tool  life  was  observed;  Table  V,  Row  8, 
and  an  approximate  fivefold  reduction  in  drill  wear  land  development  rates. 
Drills  were  repointed  after  3.5  Inches  (9  cm)  of  drilling  at  33  SFM  (I6.8  cm 
sec^M  and  a .36  ipm  (.015  cm-sec'O  feed  rate.  No  drill  breakage  was 
observed  during  preparation  of  25  fully  aged  U-700  blanks  which  represents 
437.5  inches  (II.  I m)  of  total  hole  length.  These  parameters  permitted  a 
U-700  blank  to  be  drilled  in  approximately  one  hour  with  five  tool  changes. 
Heasurements  of  the  surface  finish  revealed  the  40  to  60  microinch  AA 
(Arithmetric  Average)  (1.03  to  1.27  um  AA)  which  was  adequate  for  the  sub- 
sequent forging  process  without  further  hold  conditioning.  Although  the 
performance  Improvements  offered  by  the  heavier  duty  cutting  fluid  repre- 
sents a significant  advance  In  the  state-of-the-art  for  drilling  U-700 
alloys,  the  process  economics  still  leave  much  to  be  desired  as  a potential 
production  operation. 

A fully  hardened  H-II  steel  was  successfully  drilled  at 
0.9  ipm  (.038  cm-sac“l)  at  a speed  of  200  SFM  (102  cm-sec"l)  using  the 
NI33  drill  geometry  and  an  oil  pressure  of  1000  psi  (6.89  NPA) . Drill 
life  with  the  improved  cutting  fluid  was  5-10  blanks  before  a .010-. 015 
inch  (.025  50  .038  cm)  wear  land  developed.  As  with  the  U-700,  no  further 
finishing  was  required  prior  to  forging  for  the  t.D.  surface.  The  IN  903 
was  intermediate  between  these  extremes,  with  parameters  of  100  SFH  (50  cm- 
sec~M  and  .36  ipm  (.015  cm-sec~l)  selected  for  drilling  the  fully  aged 
blanks  for  forging  evaluations.  Tool  life  was  adequate  in  that  two  blanks 
could  be  drilled  before  repointing  was  necessary. 


A wMr  ttfflit  of  approximataly  .010  Inchos  (.025  cm)  was 
attabllthad  to  avoid  risk  of  drill  braakaga  and  to  axtand  tha  usaful  life 
of  a drill  significantly.  Incldanca  of  adga  chipping  was  considarad 
undasirabla  as  rapointing  raquirad  ramovai  of  a ralativaly  iarga  amount  of 
stock  to  rastora  tha  briginal  tip  gaomatry,  thus  limiting  tha  total  numbar 
of  ragrinds  aval  labia  from  a givan  tool.  Gun  drills  3 ft  (.91  m)  long  ware 
also  triad  to  parmit  through  drilling  of  praforms  up  to  a length  of  20 
Inches  (.5  maters). 

A sumnary  of  tha  optimum  drilling  paramatars  for  each  alloy 
IdanCifiad  as  a result  of  this  study  Is  presented  in  Table  VI i . These 
paramatars  ware  adopted  for  all  subsequent  gun  drilling  operations. 

TABLE  Vi  I 


Optimum  Drilling  Parameters 


Spaed 

Al lov  SFM  (cm*sac~i) 


Feed  Rate 
ipm  (cm-sec"M 


U-700  33(16.8) 

Incoioy  903  100  (50.8) 

H-ll  200  (101.6) 


.36(.0I5) 

.36(.0I5) 

1.2(3.05) 


Oil  Pressure 
psi  (MPa) 

1000  (6.89  HPa) 
1000  (6.89  MPa) 
1000  (6.89  MPa) 


An  additional  benefit  from  tha  gun  drilling  process  was 
also  exploited.  The  drill  guide  bushing  and  chuck  assembly  provided  a 
concentricity  error  not  exceeding  <*-.005  inch  (>.013  cm)  T.I.R.  between 
tha  l.D.  and  0.0.  of  the  drilled  bTank  for  app7oximataly  4 inches  (10  cm). 
Concentricity  errors  on  tha  exit  and  can  reach  ^.015  inch  (^.038  cm). 

A steal  stamp  was  used  to  retain  identity  of  th7  entrance  end  of  a drilled 
blank  such  that  tha  inherently  high  concentricity  can  be  utilized  In  reduc- 
ing tha  numbar  of  locations  and  machining  operations  required  in  preform 
preparation. 

3.1.4.  Machining  Parameter  Development 

Metal  ramovai  studies  were  conducted  concurrently  with  the 
gun  drilling  operations  to  Identify  the  most  practical  and  economical  fin- 
ishing procedure  for  the  three  candidate  barrel  materials.  The  study 
included  development  activity  for  forging  preform  generation  as  well  as 
final  machining  of  the  0.0.,  configuration  for  the  M-134  and  M-7.19  barrels. 
Tha  procedures  evaluated  included  single  point  turning  operations  for 
tracer  and  NC  lathes  and  plunge  form  grinding. 


fV' 


inttial  turning  tests  were  conducted  on  a |i|  x 58  Inch 
Hendey  engine  lethe  employing  e series  of  Indexable  carbide  throMaMay 
toolSt  The  Metcut  Machining  Handbook  laas  consulted  as  a point  of  depart* 
ure  to  Identify  reconmended  tool  geometries  for  the  H-il  and  superaMoy 
materials.  These  data  arc  summartaed  in  Table  VIII. 


TABLE  VIII 


Tool  Geometries  for  Machining 


Tool  Geometry  H-H  Steel 

Back  Rake,  ‘ >5 

Side  Rake.  * -5 

End  Rel iaf  Angle,  * 5 

Side  Relief  Angle,*  5 

Side  and  End  Cutting 
Edge  Angies,*  15 


High  Temperature 
Superal lovs 

5 

0 

5 

5 

kS 


Carboloy  883  (C*2  grade)  inserts  were  employed  in  a series  of  turning 
experiments  Involving  the  H-ll  material  at  a hardness  level  of  Rc. 

Heat  treated  H*ll  bar  stock  approximating  the  dimensions  of  as~forged 
barrel  blanks,  1.12  inches  in  diameter  and  20  inches  long  (2.8A  x 51  cm), 
was  used  for  test  samples.  Tool  lives  were  observed  over  metal  removal 
rates  (NRR)  ranging  between  .7  and  3 cubic  inches  per  minute  (.19  to  .82 
cffl3-sec~0.  The  most  pertinent  data  observed  are  summarized  in  Table  IX. 
Although  the  tool  life  was  excellent  for  a work  speed  of  approximately 
ISO  SFM,  a heavy  bui lt>up-edge  (BUE)  condition  existed  on  the  cutting  tool 
nose.  Surface  Hnishes  generated  under  this  BUE  condition  were  not  re- 
garded as  adequate  and  further,  the  meta!  removal  rates  were  unduly  low. 
Increasing  the  spindle  speed  from  320  to  approximately  550  rpm  success- 
fully alleviated  the  BUE  condition  and  raised  the  MRR  55t>  The  observed 
tool  lives  were  adequate  to  finish  two  or  more  barrels  per  Insert  before 
development  of  a .014  in.  (.036  cm)  flank  wear  lend.  Further  increases 
in  the  MRR  were  achieved  by  increasing  either  the  depth  of  cut  or  the  feed 
rate  without  significantly  reducing  the  tool  life.  Attempts  to  raise  the 
part  speed  led  to  rapid  tool  consumption  rates.  The  test  data  established 
that  a MRR  of  approximately  3 in3-min~^  (.82  cm3>sec~M  represented  a prac 
tical  maximum  for  this  material  while  providing  surface  finishes  less  than 
SouinAA)  and  distortion  levels  well  within  the  .005  inch  (.013  cm)  T.  I.R. 
requirement  of  the  finished  barrels.  Tests  conducted  on  the  IN  903  mater- 
ial employing  the  same  cutting  parameters  indicated  that  an  MRR  of  approxi 
mately  3 in3-min~l  (.82  cm3-sec~l)  was  also  suitable  for  this  material  as 
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kMtll.  In  fad,  tliv  virlMta  flnlsliev  were  better  ($0-60  pliwAA),  (1.3  lu 
l.$  MmAA)  and  the  tool  life  was  approKimately  lOt  greater.  Attempts  to 
Increase  the  MR*  beyond  the  3 In3-mln*l  (.82  cm3-sec~l)  level  was  pre** 
eluded  by  the  higher  apparent  cutting  forces  encountered  with  this  alloy. 
Turning  U-700  was  found  to  be  essential ly  uneconomical;  tool  lives  were 
eatremely  short;  and  the  maKlmum  metal  removal  rates  that  could  be  sus- 
tained at  ail  were  lass  than  I /A  that  observed  for  H-ll. 

Plunge  grinding  experiments  ware  conducted  on  U-700  and 
H-ll  bar  stock  samples  using  a Sheffield  Cylindrical  Crush  Grinder^ 

Hodel  No.  I87B>  A grinding  wheel  9 Inches  wide  and  2A  inches  In  diameter 
(23  X 61  cm)  was  us^  for  all  tests.  Data  obtained  from  an  internal  TRW 
superailoy  grinding  optimization  program  were  employed  to  select  an  appro- 
priate range  of  machine  parameters  for  this  study.  The  machine  conditions 
are  summarized  in  Table  X.  Tests  with  the  A240M6V  wheel  developed  severe 

TABLE  X 


Superailoy  Grlndlnc  Parameters 


Wheel  Speed 
Part  Speed 
H-ll 
IN-903 


7000  SPM  (35.6  m-sec’l) 
300  RPH 

98  SFM  (.50m-sec-*) 

39  SFM  (.20  m-sec->) 


Infeed  Rate 


.038  - .075  ln-mln-1 
(.0016  to  .0032  cm- sec* I ) 


Contact  Length 
Wheel  Grade 


9 Inch  (22.9  cm) 

A2A0H6V 

AA6NI0V 


Coolant 


Water  Soluble  Oil 


chatter  and  wheel  loading  for  both  H-ll  and  U-700  materials  and  further 
testing  with  this  wheel  was.  terminated.  Good  results  were  obtained  for 
the  A60NI0V  wheels  at  the  lower  feed  rates  in  the  sense  that  wheel  load- 
ing, wheel  weSr,  part  deflection,  surface  finish,  and  MRR  were  acceptable 
for  both  materials.  Some  chatter  and  wheel  loading  were  observed  at  the 
higher  feed  rates.  The  data  obtained  are  listed  in  Table  XI  and  show  that 
an  MRR  close  to  that  obtained  by  turning  could  be  meintained  If  wheel  load- 
ing and  chatter  could  be  eliminated  at  the  .075  inch-mln'*^  (.0032  cm-sec~l) 
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mUK 

ftflwding  Tilt  MiutU 


Hatarlal 

Faad  Rata 

ln-tiln”Ucm-tae'‘l) 

0-Rat lo 

MRR  for  9"  Whaal 
InS-mln**)  (cm3- sac*  1) 

Surface  Finish 
u(n.AA(iimAA) 

H-ll 

.071  (.0032) 

3.2 

2.84  (.78) 

< 40  (1.02) 

H-ll 

.038  (.0018) 

2.4 

1.20  (.33) 

< 40  (1.02) 

U-700 

.075  (.0032) 

.83 

.85  (.23) 

< 40  (1.02) 

U-700 

.038  (.0018) 

.83 

.42  (.12) 

< 40  (1.02) 

fMd  r«t«.  HoM»v«r,  ut«  of  • toftor  whool  to  roducs  loading  would 

furthor  roduce  tho  Q-ratIo  (dafinod  at  uaIMB  which  In 

turn  would  roqulra  tavaral  drattat  par  grind  to  hold  part  tolarancas  with- 
in liaitt.  Uhaal  hraakdown  at  sharp  oornars  Is  tavaral  tlmas  at  rapid  at 
that  axparlancad  by  a flat  whaal  turfaca.  Tharafora.  to  mlnlmlza  drattat 
and  hanca  waar  on  tha  drattar  rolls,  an  NRR  of  approxlmataly  .OkS  In3-inln~l 
par  Inch  of  whaal  width  raprctantt  tha  practical  maximum  for  o.d.  grinding 
of  U-700  barral  forgings.  Whaal  braakdown  calculations  mada  with  a TRW-  | 

davalopad  paramatric  aquation  ralating  waar  to  whaal  and  part  spaads  and  I 

form  gacMMtry  ravaalad  that  a .02  Inch  (.051  cm)  Intida  radius  on  a barral 
to  lug  eornar  would  raquira  8 to  9 whaal  drattingt  of  .010  Inch  (.025  cm) 
to  maintain  tha  form  within  tolaranca.  A typical  roll  drattar  has  a use- 
ful Ufa  of  25,000  drattat,  thus  approxlmataly  3»000  barralt  could  ba 
producad  bafora  tha  drattar  would  raquira  raplacamant.  Tha  calculated 
whaal  waar  data  ara  sunaiarizad  In  Tabla  XII  and  show  that  significant 
whaal  waar  would  be  axpariencad  at  tha  eornar  radii  at  either  lug  location. 


TABLC  XI 1 


Whaal  Form  Lott  Data  For  U-700  Grinding 

Grinder  Performence 

Operation  Flat  Area  oi^O  Inch  cm)  Radius) 


G-Ratio 

Actual  Whaal  Waar 

Drattar  Raq'd  to 
Haintain  -f.005  inch 
(.0127  cmT  Tolaranca 


.83 

.03A3  In  (.087  cm) 
k 


.33 

.0863  in  (.219  cm) 
9 
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WhMt  br««kdoMn  «t  corntr  radii  hat  always  baan  a limiting  factor  for 
form  grinding  and  Impotad  a tavara  limit  on  utlllxatlon  of  form  grinding. 
Comparison  of  whaal  waar  data  for  flat  (no  form)  plungo  grinding  (Tabla  XI) 
with  that  for  a .03  inch  (.076  cm)  curnar  radius  (Tabla  XII)  on  U-700 
showed  that  tha  Q ratio  has  boon  raducad  approMimataly  thraafoid.  The 
most  aconomlaal  solution  to  application  of  pracislon  form  grinding  to 
U*700  would  ba  to  add  a secondary  finishing  operation  to  ganarata  tha 
dosirad  corner  radii  at  tha  two  barrel  lugs  within  tha  design  tolerances. 

3«l.5  forging  Tool  I no 

An  investigation  was  conducted  to  concurrently  develop 
the  correct  preform  design  and  forging  parameters  for  tha  M-136  and 
H*21S  barrel  configurations.  Tha  tooling  amployad  to  forge  tha  blanks 
am  impart  tha  i.D.  configurations  ware  tha  same  for  both  barrels. 

forging  dies,  mandrels  for  rifling  and  rifling  plus 
chambering,  and  forging  templates  ware  designed  for  use  on  tha  SHKIO  GfM 
machine  located  at  tha  Rock  Island  Arsenal.  A sat  of  four  dies  ware 
fabricated  from  H-2  high  spaed  steal  hardened  and  drawn  to  Rc  62-6A  to 
GfM  Print  No.  Sa  l2S^.0b  with  a modification  to  provide  a basic  hammer 
dimension  of  .70  Inches  (1.78  cm).  This  dimension  is  a basic  setup 
parameter  because  It  defines  the  various  cam  and  tamplata  position  to 
produce  a given  forging  diameter  from  a particular  template.  This 
dimension  also  represents  tha  minimum  diameter  that  can  be  forged  with- 
out hammer  intorfarence<i  Tha  dies  were  designed  for  both  hot  and  cold 
work  with  a stock  allowance  for  rework  If  required. 

Die  contours  are  identical  for  all  tour  quarters  in  the 
case  of  forging  with  rifling  only  while  inclusion  of  a chambering  opera- 
tion requires  that  a slight  change  In  the  lead  angle  on  two  opposing  die 
quarters  be  provided,  Figures  6 and  7,  respectively.  This  difference  in 
lead  angle  introduces  a small  ovality  in  the  forging  Immediately  ahead 
of  tha  minimum  die  opening,  thus  aiding  In  release  of  entrapped  air 
during  forging  of  the  chamber.  The  chambering  dies  were  used  for  ail 
tricis  because  it  was  observed  that  the  small  ovality  maintained  ahead 
of  the  final  forging  position  reduced  the  forging  loads. 

Mandrels  were  designed  for  rifling  only  and  con^bined 
rifling  and  chambering  as  shown  in  Figures  8 and  9,  respectively.  These 
mandrels  have  been  scaled  ,00k  inch  (.010  cm)  oversize  to  eliminate  most 
of  the  electropolishing  normally  required  to  pi  epare  military  barrels 
for  chromium  plating.  The  electropolishing  was  not  regarded  as  necessary 
because  the  forging  process  Imparts  the  fine  finish  on  the  mandrels  to 
the  bore  I.D,  surfaces.  The  rifling  sections  of  both  mandrels  were 
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Figure  7.  Ole  Contour  Nodificetlon  for  Coeiblned  Rifling  end 
Chenbering  Operetlont. 


lO 


1 


Figure  9.  Rifling  Plus  ChaMberIng  Handrel  Configuration 


Kith  • sltflit  MpftT  to  pomtt  o4Juot«oot  of  boro  dtonotor  through 

In  tlM  Miol  locotlon  of  tlw  «ootfr«rt  botwoon  tho  for^lot  diot. 
CeniM*  and  blond  rodli  ot  tbo  rlfllof  too4ii  worn  ooloctod  on  tbo  botit  of 
prior  ifH  owporlonco  with  wo  to  I flow  ond  tiwodroi  duroblllty  ond  rovlow 
with  iMb  Iplond  Aroonol  poroonpol  4iwol¥od  with  borfol^doolfii  Indtcotod 
no  o|b|n«ttono  onlobod  to  dhooo  Minor  doportnroo  froo  tCindord  borrol 
print  ipoclfleotleino. 

Four  tonplotoo  worn  dotlpnod  and  eonttructod  to  produeo 
tho  following  eenflgi/rationt} 

1.  Tonplat*  T-l,  a two  stop  taporod  tonplato  with  docroating 
taparo  toward  tho  wutslo  for  fabrication  of  M-ISb  and  approx* 
Imto  M-219  forgings  with  and  without  chawbart,  FIguro  10. 

2.  Tonplato  T-2,  a pooltiuo  and  nogativo  taporod  dotign  for  con- 
tour forging  of  N-ISb  barrolt  with  and  without  chowborlng, 
FIguro  II. 

3.  Tonplato  T-3.  a aingla  tapor  doslgn  for  tha  M*l3b  barrol. 

b.  Tonplato  T-b,  a tingla  tapor  tonplato  for  tho  M-219  barrol. 

Tho  tonplatos  dotorwino  tho  local  dia  aaparatlon  during 
tho  food  portion  of  tha  forging  cyclo.  It  la  nocataary  that  tho  tonplato 
doaign  bo  conputod  fron  tho  constraints  inpoaod  by  tho  forging  onvolop 
configuration,  tho  proforw  shapo,  and  tho  dio  doaljn.  Tha  pracoding  para- 
wotors  aro  significant  In  dotamlnlng  tho  final  btrrol'  sognontod  lengths 
and  tho  forging  contours.  Tho  width  of  tho  tonplato  at  a givan  location 
is  dofinod  by  tho  rolatlon. 

Width  * Forging  Dianator  * Baste  Hsnwor  Dlnonsion  * 1.57b  inch. 

Othor  factors  for  considoratlon  in  tonplato  and  proform  dacign  ara  tha 
radius  on  tho  tonplato  follower  stylus  (.5  inch,  1.27  cn)  which  Units 
tho  wininun  tonplato  radius  and  tho  nschino's  capability  to  follow  tha 
tonplato  at  food  rotas  of  100  nln*nin~l.  This  lattor  constraint  limits 
tho  naxinun  angular  change  to  opproxlnatoly  13*. 

3.1.6.  Proforw  Oosign 

Two  analytical  procedures  have  boon  davalopod  for  use  in 
this  progran  to  design  prjforms  for  subsequent  forging  operations.  Tha 
first  procedure  Involves  use  of  a digital  conput.er  and  is  useful  in  pro- 
ducing precise,  close  tolerance  forgings  containing  bi-directional  tapers 
and  nony  short  gooawtric  olononts.  However,  the  template  follower  systems, 


ttN|>iait«  Michlfiln0  toUraiHMt,  and  Itt  acttMl  potUlonIng  on  th«  forg- 
|g§  ar«  aiieh  ••  not  to  Morront  uto  of  thU  groclM  and  comp! ax 

pMowkifoa* 


THa  aoeoad,  or  agproKlotCo*  groeodura  which  hat  boon 
davCiggad  Ipioroa  tha  difforanca  In  voluaa  of  amtarlal  banaath  tha  diaa 
at  taltUttaa  and  taratnatlon  of  auceaaatva  gaoaatric  atamanta  along  tha 
blank  at  tha  forging  groeaaa  procaadt.  This  atauagtlon  aaldoM  will  ra> 
aalt  In  arrora  tn  ancaaa  of  .Ob  Inehaa  (l  an)  in  a total  birral  length 
of  lt*Ib  Inehaa  (S)*it  an)  or  an  arror  of  laaa  than  2k.  Errors  of  thta 
nataro  can  ba  raadity  oor-raetad  by  albhar  tanglata  aladlf Icatlon  or  ragoal- 
tlonlng  on  tha  aachina.  tinea  tha  contaaglatad  changaa  In  barral  croaa- 
aaetlonal  araaa  and  tapara  ara  not  largo*  thia  aggroHlaation  waa  not  con- 
aldarad  a aarloua  aourea  of  arror, 

Tha  approxiaata  procadura  will  now  ba  outlined  for 
daaign  of  an  M-219  prafora  containing  rifling  but  without  a chaabar.  Tha 
firat  atop  raqutraa  that  an  anvalopa  forging  ba  amparically  aalactad 
which  approxiaataa  tha  ainiaua  atock  allowancas  over  tha  finiahad  CFM 
aachina  and  yielding  good  rifling.  Tha  conatreint  iaprovad  by  tha  rifling 
quality  will  in  general  not  poralt  contour  changaa  graatar  than  tha 
antranca  dla  angle  of  13*  to  avoid  contact  batwaan  tha  diaa  and  tha  work 
except  at  tha  ainiixM  opening  diameter  or  working  facaa.  Further*  tha 
raduetiona  muat  alao  remain  batwaan  a maximum  to  avert  material  failure 
and  a minimum  daformatlon  to  impart  full  rifling.  Thaaa  condltiona  re- 
ouJrad  application  of  axparlanca  gained  In  earlier  axparimantal  programa 
to  aatabliah  tha  appropriate  boundary  condltiona.  A conservative  M-219 
barral  blank  ia  llluatratad  In  Figure  12  with  tha  breach  and  gripping  stub 
and  muxala-and  discard  removed. 

Tha  reduction  used  to  achiava  any  geometric  element  must 
remain  within  tha  boundary  conditions  estabiiahad  for  adequate  rifling 
development.  This  range  has  been  eatabitahed  by  a series  of  preliminary 
forging  teats  for  H-11  steal  (kc  3b-38)  to  ba  within  22. b to  29.2k  areal 
reduction.  A d’scusslon  of  the  forging  activity  relating  co  these  data 
will  be  reviewed  at  the  conclusion  of  the  preform  design  procedure  outline. 


\2)  A.  L.  Hoffmanner*  J.  D.  OIBenedetto*  K.  R.  Iyer*  "Improved  Materials 
and  Manufacturing  Methods  for  Gun  Barrels  (Part  II)"*  Weapons 
Laboratory*  USAWECOH*  Report  No.  SWkRR-TR-72»55*  Sept.  1972. 


36 


Tha  actual  praform  datign  it  computad  in  stapMita  fashion 
from  tha  first  to  last  gaomatric  alamant.  Tha  following  symbols  ara  usad 
to  dascrtba  tha  alaM\nt  of  the  praform: 

Praform  Forging 


Langth 

Initial  Olamatar  of  Elamant 
Final  DIamatar  of  Elamant 
Avaraga  I.D. 

Basic  Includad  Taper 

Araa 

Fractional  Reduction 


"oj 


oj 

^oj-H 

^oj 

^oj 


'IJ 

*IJ+I 


Oj 


‘1J 


The  following  calculations  will  be  performed  to  develop 
a preform  design  for  the  barrel  forging  Illustrated  In  Figure  b: 

I . Segment  I 

•)  Barrel  Blank  Dimensions 
R,  - 251. 


II 


4.25  Inches. 


D| Dj2  * *^90  inch. 

d,,«  - .308  Inch. 

b)  Prai'^orm  Dimensions 
dQi  ■ .315  Inch. 

Straight  Segment  In  General  Form 

A,  ,L, , - A ,L  , 

IJ  IJ  oJ  oJ 


A^j  ‘■Ij"  ^oj  " •'IJ 

loj  ■ 0”Rj)  Ljj  or  L^j  - 
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(.75)  (4.25) 


J w.j^  - «oj‘' 

V iiiliil-v 


3.19  Inch 


®0l"  ®02  " 


•)  Bcrrcl  Blank  DItwotloni 
Rj  - Rj  ■ 252. 

L||-  11.8  Inch. 

D|2**  0.890  Inch. 


1.200  Inch. 


Included  Taper  Tj2  * >0263  In-ln  . 

b)  Preform  Dlwienelons 
d^2  - -315  Inch 

I)  Tepered  Segment,  General  Form  for  Constant  Reduction. 


0,,.  1-0, 


II)  For  Constant  Reduction 


"II 

■ “oj^  “^^oj+l  ■ **^oJ+l 
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•nd 


^oj  " 

lit)  Substituting  tn  T»p»r  Equation 


T, , - , , JT  , J J . . -/Tra  , 


2,1/2 


IJ 

Rearranging 

iv)  Tha  Praform  Tapar  Bacomaa 
°ol+l‘“ol  ^tj 

•j  “‘\r 


3-  Sagwant  3 


'02 


*02 


02 


.315  Inch 

0-Rj)L,2  ■ 8*®5  Inch 
.0^i0l»9  In- In 
1.014  inch 


-I 


“02 

®03  • ®02  * <■^02^  ^‘■02^  • 

alto 


. +d.*  - 1. 574  inch. 

“o3  ■ .n 


The  aquations  devalopad  In  general  form  In  tha  pracading  discus- 
sion can  be  usad  to  ganarate  tha  preform  shape,  shown  in  Figure  13  In 
Its  entirety.  Since  the  template  contour  Is  directly  related  to  tha  pra- 
form, tha  length  dimensions  on  both  the  template  and  preform  are  identi- 
cal but  their  forms  are  Inversely  related.  The  template  design  proced- 
ures, using  the  forging  diameters  Ojj  to  establish  the  template  width 
and  the  preform  segmental  lengths  LoJ  for  length  definitions,  is  illus- 
trated below  and  this  process  is  sequentially  repeated  for  each  geometric 
element  In  the  preform. 
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Figure  13*  PrcforM  Design  for  H>219 


TtwpUto  Oliwnilong 


1)  Central  RaUtlont 

•)  Th«  T«mpUt«  Width  «t  OtwiwUr  0^,  • W, 

©J  J 

•nd 

Wj  • 0|j  - Basic  0'manslon,  B -f  I.S7^  Inch 
- D,j  - B ♦ 

b)  Tamplata  Length  Over  the  Section 

“■J  ’ ‘■®J 

2)  Template  Seoinent  Dimensions  (Bs  .70  Inch)  * 

a)  Section  I 

W,  - 0,,  " B+I.57II  - 1.764  inch 
L|  3.19  inch 

b)  Section  2 
«J-W| 

Wj  - 1.200  ^ .B7k  • n.07^  Inch 
L , " 8.85  inch 


A taper  of  10*  or  less  is  designed  Into  the  template  nose  so  the  dies 
will  gradually  come  down  to  the  initial  forging  diameter,  D)|,  without 
Impacting  the  leading  edge  of  the  die  on  the  workpiece.  An  initial 
length  of  approximately  i Inch  (2..'!>  cm)  must  be  discarded  from  the 
muzzle  end  of  the  forging  as  the  r fling  Is  not  fully  developed  at  the 
immediate  leading  end  of  the  forget'  barrel  and  1.5  inches  (3.8  cm)  at 
the  breech  end  In  the  case  of  chambering  to  permit  hammer  clearance  over 
the  counterholder  support.  Provision  of  these  allowances  must  be  made 
In  both  the  preform  and  template  designs.  A final  taper  is  also  pro- 
vided on  the  template  to  raise  the  hammer  off  the  workpiece  at  the  con- 
clusion of  the  processing  for  part  retraction. 

* The  minimum  diameter  that  can  be  forged  and  Is  controlled  by  the 
die  design. 
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J.  1.7  Forfllno  Dtvlopwnt 

Tlw  forging  dovolopmont  activity  was  conducted  concur- 
rontly  with  proform  dotign  and  daaign  modification  studios.  Tho  basic 
proform  design  omployad  for  tha  forging  avaluatlons  Is  prosantad  In 
Figure  1^  with  variations  In  tha  O.D.  and  1.0.  dimensions  as  required 
for  rifling  only  or  rifling  plus  chambering  evaluations.  Table  XIII 
summarises  these  variations  and  Idantifies  tha  materiel  conditions  and 
tha  corresponding  specimen  codes. 

The  forging  trials  were  conducted  at  the  Rock  Island 
At'sonal  and  tha  rosults  obtained  from  tho  first  round  of  trials  ara 
summarised  In  Table  XIV.  The  mandrels  described  In  tha  preceding  sec* 
tion  ware  employed  to  Impart  the  I.D.  configuration  while  templates  T-l 
and  T*2  were  utilised  for  0.0.  contour  control.  All  hot  forging  experi- 
ments were  conducted  without  a mandrel  because  the  primary  object  I va 
was  to  maasure  forging  loads  and  It  was  considared  an  unnecessary  risk 
to  also  expose  a carbide  mandrel  to  the  high  tempereturo  environment. 

A feed  rete  of  100  mm-min'^  end  e workpiece  rotation  rate  of  48  rpm 
were  used  for  all  tests.  The  listed  counterholder  and  chuckhead 
plunger  pressures  are  basic  setup  parameters  and  have  also  been  included 
for  full  documentation  (I  atm  Il4  lbs  of  force).  The  counterholder 
pressure  determines  the  magnitude  of  the  axial  compressive  loading  on 
tho  barrel  as  It  Is  being  forged  and  thus  controls  the  relative  rates 
of  1.0.  and  O.D.  reduction.  Increasing  the  counterholder  pressure 
accelerates  the  bore  diameter  reduction  rate.  The  two  plungers  are 
hydraulically  actuated  and  can  develop  a maximum  pressure  difference 
of  no  atmospheres  or  approximately  S tons.  During  rifling  this  press- 
ure is  adjusted  to  tha  maximum  and  the  barrel  blank  fed  between  tha  dies 
at  the  desired  rate  of  chuck  head  travel,  approximately  100  mm-mln'^ 

This  provides  a p:’ocessing  cycle  of  about  4-5  minutes  for  e 1 7“ Inch 
(43  cm)  preform.  During  chambering  the- normal  forward  flow  of  metal  must 
be  reversed  to  properly  form  tha  chamber-  near  the  and  of  the  forging 
cycle.  This  flow  reversal  Is  achieved  by  a machine  cam  setting  which 
drops  the  plunger  pressure  and  reduces  the-  feed  load  which  in  turn  causes 
the  desired  metal  flow  reversal  over  the  chambering  portion  of  the  man- 
drel. When  this  flow  reverse*  occurs,  the  mandrel  is  engaged  by  the 
chuck  head  and  moves  forward  with  It  at  a controlled  rate  while  the 
plunger  slowly  retracts.  The  exact  positions  of  the  dies,  mandrel,  and 
workpiece  ara  critical  In  producing- a good  chamber  as  Is  the  control  of 
tha  plunger  pressure  level  and' timing- of  the  pressure  changes. 

The  remaining  columns  in  Table  XIV  list  the  reduction, 
tho  preform  and  forged- blank  diameters-,  and  remarks  concerning  bore 
quality.  The-  latter  determinations* were  made  with  direct  borescope 
examinations  and  air  gaging  measurements.  Straightness  of  the  as-forged 
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iM. 


TAiLE  Xm 

frtforwr  Otilflfti  Dlm»n»lont  ar>d  Hafrial  Cortdltloni 


Condition 

0.0. 

(loch) 

I.D. 

(Inch) 

OvortI 1 

Longth 

(Inch) 

Codo 

H-n 

At  Hot  Workod 

1.315 

0.315 

17.5 

ASAI  thru  ASAIO 

H-n 

Ttmporod  36/38 

1.375 

0.315 

17.5 

HSTI  thru  HSTI2 

H-ll 

Ttmporod  R.  36/38 

1.375 

0.500 

17.5 

HSTI3  th-u  HST23 

H-ll 

Ttmporod  R^  36/38 

1.576 

0.500 

16.5 

HLTI  thru  HITS 

M-n 

Ttmporod  R^  36/38 

1.850 

0.500 

16.5 

HLT9  thru  HLTI 3 

U-700 

Sol.  Trottod  t Apod 
6 Hrt.  I975*r 

1.230 

0.315 

17.5 

UAI  thru  UA5 

U-700 

Sol.  Trottod  t Agod 
k Hrt.  I975*F 

1.230 

0.3185 
(Rot mod) 

17.5 

UA6  tnd  UA7 

u-700 

Sol.  Trottod  t Agod 
k Hrt.  I975*F 

1.375 

0.500 

17.5 

UA8 

u-700 

Sol.  Trottod  t Agod 
k Hrt.  I975*F 

1.375 

0.315 

17.5 

UA8  thru  UAII 

u-700 

Sol.  Trottod  t 
Fully  Agod 

1.375 

0.315 

17.5 

UTI  thru  UT)6 

I 

I 

! 

■ 


^5 


J 


i 


TABU  XIV 


Sp«ci'  Forging 
. Cofkl 


Pr— w (Atw) 

:o«nt'«r-  Roductlon 


luau 


ASAI 

Rifling 

45 

110 

22.4 

ASA2 

Rif 1 Ing 

45 

no 

19.0 

ASA3 

Rifling 

45 

no 

34.0 

ASA4 

Countour  T-l* 

25 

110 

28.3/714/33.7 

ASA5 

Contour  T-l’*-* 

25 

no 

28.3/7.4/33.7 

ASA6 

Contour  T-l* 

25 

no 

28.3/7.4/33.7 

ASA7 

Contour  T-1* 
(continuous) 

35 

110 

36.7/17.6/42.4 

ASA8 

Contour  Taper 

45 

110 

22.6 

ASA9 

Hot  Forge 

35 

110 

32.0/17.5/37.3 

1500*F/1560“F 

45 

110 

22.6 

ASA  10 

Contour  T-l 

35 

no 

32.0/17.5/37.3 

HSTl 

Rifling 

45 

110 

20.4 

HST2 

Rif  1 ing 

45 

no 

24.4 

HST3 

Rifling 

45 

110 

32.5 

HST4 

RifI ing 

30 

110 

35.0 

HST5 

Rifling 

45 

no 

30.9 

HST6 

Rifling 

45 

110 

27.1 

HST7 

RifI ing 

25 

110 

22.4 

HST8 

Rifling 

25 

110 

24.4 

HST9 

Rifling 

25 

110 

29.2 

HSTIO 

Rifling 

25 

110 

23.7 

HSTll 

Contour  T-1** 

35 

110 

35.1/21.5/40.7 

HSTl  2 

Hot  Forge 
1400V1500“F 

45 

110 

33  . i 

HSTl  3 

Chamber 

45 

110/32  22.3/36.7 

HSTl  4 

Chamber 

45 

110/34  22.8/33.9 

Initial/Final 
Dia.  (In/I 


1.376/1.219 
1. 376/1. 2U 
1.376/1.130 
1.376/1.17^, 
1.324,1.132 


1.376/1.108, 

1.253,1.061 

1.376/1.195 

1.376/1.146, 

1.376/1.195 

1.376/1.146, 

1.254,1.103 

1.376/1.233 

1.376/1.204 

1.376/1.142 

1.376/1.122 


1.376/1.154 

1.376/1.184 

1.376/1.219 

1.376/1.204 

1.376/1.168 

1.376/1.209 

1.376/1.121, 

1.225,1.075 

1.376/1.114 


Romark. 


Good. 

Slight  Undarflll. 

Over  Raducad. 
Good/Undar/Ovarf ill. 

Good/Under/Overf 1 1 1 . 
Good/Under/Overf ill. 

Ovar/Under/Ovarf 1 1 1 . 
Under fil 1/Overf 1 1 1 . 
Forged  w/o  Handrel . 

Ovar/Under/Overf  Ml. 

SI Ight  Underf 1 1 1 . 
Good. 

Over  Reduced. 

Over  Reduced,  Cam 
Settings  Same  As 
HST3. 

Sight. Over  Reduction. 
Good. 

SI ight  Underf 1 1 1 . 
Good,  Same  Cam  Set- 
ing  as  HST2. 

Sight. Over  Reduction. 
Good. 

Over/Good/Overf 1 1 1 . 
Forged  w/o  Mandrel*** 


1.376/1.232  C-Good,R-sl. Overfill. 
1.064 

1.376/1.232,  C & R - Good. 

1.086 


* Changed  template  by  machining  0.048  Inch  off  mid-lug  height. 

**  Same  setting  as  UT12  and  UT13 

***C  ■ chamber  form  and  R *>  rifling  form 
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TAK.E  XIV  (CONTINUED 


Pr— Mf  (At»») 


S^t- 
MR  No. 

Forging  SoiMitor^ 
Conditions  Holtfor  Plunoor 

mductlon 

X 

Initlal/FInal 
Ota.  (In/In) 

Remarks 

HSTI6 

Chanbs., 

45 

110/28 

22,6/29.7 

1.376/1.232, 

1.125 

C* **good 

R* Incomplete  fill 

HSTI7 

Chawbor 

45 

110/32 

22.8/31.5 

1.376/1.232, 

1.104 

C*good 

R-Just  filled 

HST18 

Chambor 

45 

110/32 

22.8/33.0 

1 .376/1 .232, 
1.093 

C*good 

R*good 

HSTI9 

Chamber 

45 

110/32 

22.8/33.9 

1.376/1.232, 

1.086 

C*good,  R*good 

HST20 

Chambor 

45 

110/32 

22.8/33.9 

1.376/1.232, 

1.086 

Repeat  of  HST19 
C-good 

HST2I 

Chamber 

45 

110/32 

22.8/35.0 

1.376/1.232, 

1.078 

R*good,  C-good 

HST22 

Chamber 

45 

110/32 

22.8/35.1 

1.376/1.232, 

1.077 

R-good 

HST23 

Chamber 

45 

110/32 

22.8/37.2 

1.376/1.232, 

1.061 

C-overfl11 
R-near  max.  f 1 1 1 

UAI 

Rifling 

45 

110 

22.2 

1.235/1.097 

Good* 

UA2 

Rifling  4S/2S 

no 

I9.I/I9.2 

1.235/(1.117/ 
1. 235/1 

Very  si Ight 

UA3 

Rifling 

25 

110 

33.5 

UA4 

Rifling  (par* 
tially  honed) 

25 

110 

21.5 

1.235/1.102 

* Improved  surface 

UA5 

Rifling  (par- 
tially honed) 

25 

no 

30.0 

1.235/1.045 

*lmproved  surface 
Good  form 

UA6 

RIfl  Ing 
(reamed) 

25 

110 

21.4 

1.235/1.102 

* Improved  surface 
Good  form 

UA7 

RIfl Ing 
(reamed) 

25 

no 

30.0 

1.235/1.045 

*+lmproved  surface 
Good  form 

UA8 

Chamber 

(reamed) 

45 

no/32 

22.8/35.9 

1.376/1.232, 

1.071 

Chamber-overf II  led 
RIfl Ing-near  max. 

UA9 

Hot  forge 
II50VI200*F 

45 

no 

34.4 

1.376/1.103 

Forged  w/o  mandrel 

UAIO 

Hot  forge 
800V1I50*F 

^5 

no 

27.7 

/. 376/1. 156 

Forged  w/o  mandrel 

UAII 

Contour  T-l 
same  as  ASA10 

35 

no 

30.4/16.1/ 

35.6 

1.376/1.158, 
1.264/1. 115 

Over/under/overf 1 1 1 

* Continuous  surface  texture 
+ Very  fine  cracks 

**  Reset  isschine  for  .016  In.  smaller  diameter  from  settings  for  UA1I. 
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T«MJ  uv  (cwtrifjp) 

•'  •* 


(Af«) 

S|MOt*  ^rflna  coM^«r-  ' " Mduetion 

mm  Mo.  Camdlttow  tteittor  ^luniT  X ■ 


«Tt 

Rifling 

25 

ho 

19.1 

UT2 

Rifling 

25 

no 

29.6 

OT3 

mf  Itni 

25 

110 

36.1 

UT6 

Rifling 

25 

110 

22.5 

UT5 

ftifling 

25 

no 

29.3 

UT6 

Hot  forgo 
760*/750*P 

65 

no 

25.8 

UT7 

UT8 

UT9 

UT10 

UTI1 

Hot  forga 
760*/770*F 

65 

110 

36.0 

UT12 

Contour  T-1** 

35 

no 

32.0/17.6/ 

37.6 

UTI3 

UT16 

Contour  T-1** 

35 

no 

33.3/19.9/ 

33.7 

HLT1 

Chamhar 

31 

110/32 

22.8/31.7 

HLT2 

Hot  forge. 
850*/900*P 

65 

110 

51.9 

HLT3 

Hot  forga 
830*/880*P 

65 

no 

62.1 

* Continuous  turfaco  taxture 
*■  Vary  fina  cracks 

**  Rasat  machina  for  .016  In.  smallar  dlamatai 
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1.376/1*26)  Alisost  no  rifling 
1.376/1.163  SI.  ovarf4n*f 
1.376/1.129  Ovarfmad*<f 
1.376  1.213  Good  fora* 
1.376/1.167  *6ood  fora 

Naar  max.  rad. 

1.376/1.171  Porgad  w/o  mandral 

1.376/1*090  Porgad  w/o  mandral 

forgad 
Not  forgad 
Not  forgad 
Not  forgad 

1.376/1.166.  SI ightly  ovar/ 
1.253.1.101  si Ightly  undar/ 
ovarflli 

1.376/1.135.  Slightly  ovar/ 
1.237,  1.092  gcod/ovarftn 
Not  forgad 

1.576/1.270  Charobar-good 

Mfl  Ing*^>varslxa 
1.576/1.056  Porgad  w/o  mandral 

1.576/1.153  Porgad  w/o  mandral 


from  settings  for  UAII. 


barrel  O.D^ili  mara  within  .007  inch  (.0178  cm)  T.I.ft.  error  mU mum 
and  the  praelaton  of  tha  bora  I.D.  was  ♦.OOOl  Inch  (.0007S  ca^.  A 
major  objoi^lvo  of  thia  comprahantiva  evaluation  aequeoea  was  to  eatab* 
lish  the  mChimum  reduction  required  to  pi^uca  fully  developed  rifling 
and  the  maKlaiuai  reduction  limits  before  shear  or  overfill  conditions 
wera  cicouniierad.  These  data  were  obtained  for  both  rifling  only  and 
for  combined  rifling  and  chambering.  These  limits  ware  also  intended 
to  estebi tih:  the  maximum  variation  in  raduttton  that  can  be  oostained 
during  0.0.  contouring  and  the  accuracy  necessary  in  the  preform  and 
template  fabrication.  The  results  of  these  determinations  are  summer- 


Ized  as  follows 

1 am  (#1^1 

Reduction 

Matariai 

imciAi  rrvTomi 
O.D..  in  (cm) 

Hinimum 

Maximum 

H-ll 

Rifling  Only 

1.376  (3.S0) 

23.02 

29.22 

Rifling  Plus  Chamber 

1.376  (3.50) 

31.5 

37.2 

U-700 

Rifling  Only 

1.235  (3.14) 

21.4 

30.0 

Rifling  nus  Chamber 

1.376  (3.50) 

22.4 

29.3 

Although  the  bore  was  dimensionally  excellent  and  the 
gross  1.0.  surface  finish  was  less  than  6 pinches  ^(.15  pmAA),  a ser- 
ious material  problem  was  encountered  with  the  U-700  alloy.  A network 
of  fine  surface  cracking  was  observed  along  grain  boundaries  and  second 
phase  particles  throughMt  the  bore.  These  features  were  subjected  to 
an  exhaustive  examination  employing  light  microscopy  of  metal  log raphic 
sections  and  the  scanning  electron  microscope  (SEMDt'ms  used  to  directly 
examine  the  bore  surface.  Sections  were  removed  from  U-700  barrels 
UA-8  and  UT-I3  for  study.  The  former  blank  was  in  the  partially  aged 
condition  while  the  latter  represented  the  fully  aged  material  at  maxi- 
mum hardness.  The  surface  cracking  appeared  to  be  quite  extensive  in 
the  partially  aged  material  (llArS)  but  the  individual  cracks  were  deeper 
in  the  fully  aged  alloy  (UT-13).  A series  of  SEH  phctomicrographs  were 
prepared  to  illustrate  the  appearance  of  the  cracks  In  the  as-forged 
condition  (Figures  1$  and  16)  and  after  electropoi ishing  .003  Inches 
(.008  cm)  from  the  bore  surface  (Figure  I7).  The  cause  of  the  surface 
texture  and  cracking  is  probably  associated  with  the  very  intense  de- 
formation at  the  bore  surface  extending  to  depths  usually  less  than 
.001  inch  (.002^<  cm)  which  appears  to  be  characteristic  of  swaged  and 
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b)  UA-13  500X 

FIflur*  17.  SEH  PhotMlcrographs  Pr«p«r«d  After  EUctropol  t thing  .003  Inches 
(.008  cm),  Mluttreting  Reletive  Creek  Depths  Rwnalning  in 
e)  Pertlelly  Aged,  end  b)  Fully  Aged  U-700. 
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forg«d  nickttl*b»t«  tup«r«lloy  barrals^^*^.  Thii  problam  r«miint  as  a 
tarioua  Impadiiaant  to  tho  utMIxatton  of  thia  alloy  a»  a barral  matarlal. 
This  davalofnaant  Is  tn  addition  to  tha  low  rata*  obsarvad  for  gun  drill' 
ing  and  O.D.  flnlthing  oparatlont. 

Attampts  to  forga  tha  M*2I9  barral s directly  from  a 
cylindrical  preform  wara  unauccatiful.  Savara  impacting  along  tha  lead- 
ing adgaa  of  tha  forging  dies  was  ancountarad  as  tha  workplace  engaged 
tha  tooling.  Figure  18  lllustratat  tho  appearance  of  an  H-ll  bar,  tha 
as-machined  preform,  the  forged  h’v..  , the  profiled  template  used 
in  the  forging  procedure.  Although  ShKIO  machine  has  a rated  capac- 
ity In  excess  of  2 inches  (5  cm),  Hmlt  was  probably  established 
for  the  conventional  Cr-Ho-V  alloy  .Ueels  and  tho  higher  strength 
levels  of  the  H-ll  stee'  represented  a more  difficult  situation.  It 
was  planned  to  conduct  further  forging  evaluations  on  the  H-219  barrels 
to  explore  alternative  methods  for  producing  this  configuration.  Thesa 
alternatives  included  the  following: 

1.  hardness  reduction  to  3^  to  38, 

2.  warm  working, 

3.  use  of  a tapered  preform,  and 

k.  die  redesign. 

A second  series  of  forging  trials  was  conducted  to 
identify  solutions  for  the  H-219  problem  as  well  as  to  develop  the  tech- 
nology for  the  IN  903  material.  Further  information  relative  to  minimi- 
zation of  material  utilization  for  the  M-I3k  barrel  by  means  of  full  con- 
tour forging  was  also  required. 

The  cylindrical  preform  for  the  H-219  forging  was  re- 
designed to  avert  the  severe  impacting  experienced  during  the  initial 
forging  trials.  The  modified  preform  and  template  designs  are  Illus- 
trated in  Figures  19  and  20  respectively.  This  design  allows  for  a 
gradual  taper  leading  up  to  the  chamber  area. 

One  of  the  major  problems  associated  with  contour  forg- 
ing H~138  ba.^reis  was  that  variations  in  the  reduction  schedule  aimed 
at  development  of  good  rifling  had  tiM  effect  of  moving  the  center  lug 

Ti)  A.  L.  iioffmanner,  J.  0.  OiOenedetto,  and  K.  R.  Iyer,  "Improved 

Materials  and  Manufacturing  Mathis  for  Gun  Barrels  (Part  II)", 
Weapons  Laboratory,  SWERR-TR-72-5S,  Saptember  1972. 

(3)  0.  C.  Drennen,  C.  M.  Jackson,  R.  B.  Hiclot,  and  K.  R.  Iyer,  "Rotary 

Swaged  Rapid  Fire  Barrels",  SWERR-TR-72-S6,  August  1972. 
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Figure  I8.  Illustration  of  the  Blank,  Prefora,  Forging,  and  Tenplate 

Used  For  the  Fir^t  ''rocessing  Evaluation  for  the  H-219  Barrel. 


Figure  19.  Prefonn  Design  for  N**219 


jgffigsaaaag^ 


projection  In  «n  aMial  direction  elong  the  barrel  forging.  Rather  than 
provide  a multiplicity  of  templates  or  design  an  adjustable  template, 
the  simple  expedient  of  transferring  machine  control  from  the  template 
to  the  cam  panel  after  development  of  the  center  lug  was  employed. 
Adjustments  in  correctly  positioning  the  lug  along  the  barrel  could  then 
be  readily  made.  Alterations  made  to  the  preform  design  and  forging 
envelope  are  illustrated  In  Figures  21  and  22. 

The  second  series  of  process  evaluations  ware  conducted 
and  the  results  are  summarized  in  Table  XV  for  IN  903  and  H-ll  materials 
used  to  forge  M-13^  blanks.  Both  solution  treated  IN  903  and  fully  eged 
forgings  were  prepared  with  either  rifling  only  and  combined  rifling  and 
chambering.  The  1.380  Inch  0.0.  (3.51  cm)  M-13^  preforms  were  gun  drilled 
to  produce  a .315  inch  (.800  cm)  inner  diameter  for  rifling  only  and  a 
.500  Inch  (1.27  cm)  bore  for  chambering  and  O.D.  contouring  experiments. 

A fully  contoured  preform  at  a hardness  level  of  3^  to  38  was  used 
for  the  H-219  barrel  to  avert  the  severe  impacting  experienced  during 
forging  at  the  breech  end. 


Inspection  of  the  forged  blanks  showed  that  both  solu-* 
tion  treated  and  fully  aged  IN  903  material  could  be  successfully  forged 
with  either  rifling  only  or  combined  rifling  and  chambering.  Some  minor 
rippling  was  noted  at  the  chamber  shoulder  when  the  IN  903  barrels  were 
forged  with  integral  chambers.  The  exact  conditions  of  cam  position  for 
chamber  forging,  mandrel  position,  the  magnitude  of  the  low  plunger  press- 
ure, and  its  sequence  position  could  not  be  fully  established  to  avert 
this  waviness  due  to  the  relatively  few  number  of  trial  forgings  prepared. 
This  wav i ness  was  regarded  as  only  a minor  problem  which  can  be  overcome 
by  a brief  trial  and  error  procedure  involving  no  more  than  six  additional 
setup  pieces  during  future  forging  operetions.  Two  more  serious  problems 
were  encountered  with  attempts  to  contour  forge  the  M-134  barrel  configura- 
tion. The  first  Involved  maintaining  adequate  O.D.  stock  for  the  breech 
lug  while  providing  good  chamber  quality.  Solution  of  this  problem  re- 
quires that  the  preform  O.D.  be  Increased  from  1.385  inches  to  1.410  Inches 
(3.518  to  3.581  cm)  at  the  breech  end.  This  problem  can  be  reviewed  by 
observing  Figure  23  which  shows  a cross-section  of  the  breech  end  of  an 
M-13^  blank  with  the  lug  configuration  superimposed.  The  O.D.  of  the  forg- 
ing must  provide  an  absolute  minimum  dimension  of  1.194  Inches  (3*033  cm) 
about  the  location  of  the  rear  breech  lug.  Control  of  this  situation  is 
established  by  the  following  requirements: 


FORM  CONTROL 


Figure  22.  M-13^  Forged  Blank  Design 
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1.  A minimum  reduction  for  good  rifiing  of  32t  is 
requ i rod . 

2.  The  low  plunger  pressure  of  etm  must 
be  maintained. 

3.  The  chambering  dies  must  have  the  configuration 
illustrated  in  Figure  7. 

4 . The  chamber  shoulder  must  be  formed  under  the 
smallest  die  entrance  angle  (b  or  5*)  to  achieve 
proper  control  over  metal  flow. 

5.  The  reduction  over  the  chamber  body  area  must  be 
20  to  25t  to  produce  a smooth  1.0  surface  free 
of  tool  marks. 

The  adequacy  of  these  requirements  were  confirmed  during  the  second  pro- 
cess evaluation  series  for  a 1.410  inch  (3.58  cm)  preform  O.D.  Fabrica- 
tion of  barrels  without  0.  D.  contouring  can  be  achieved  with  this  diam- 
eter cylindrical  preform  to  provide  stock  over  the  center  lugs  (l.lOO 
Inch/2.79  cm)  at  a reduction  of  approximately  38%. 

Contour  forging  of  the  barrel  was  investigated  to  reduce 
the  amount  of  material  required  by  forging  between  the  upper  and  lower 
reduction  limits  of  31  to  41%.  Blanks  were  forged  using  a modified  T-2 
fumplate  to  provide  a lug  diameter  nominally  .100  inch  (.25  cm)  greater 
than  the  muzzle  diameter  of  the  forging.  This  degree  of  contouring  would 
save  2.71  cubic  inches  (44.4  cm3)  of  material  per  barrel  which  in  turn 
would  save  approximately  300  minutes  of  machining  time  for  H-11  material 
and  600  minutes  for  IN  903  or  U-700  alloys  per  100  barrels  manufactured. 

The  material  savings  per  100  barrels  would  amount  to  $115.24,  $208.7^» 
and  $673.35  for  H-11,  IN  903  and  U-70D  respectively. 

The  contour  forgings  were  produced  by  sequencing  to 
internal  cam  control  after  generation  of  the  center  lug  to  form  the  breech 
end  configuration.  This  procedure  Is  recommended  to  provide  the  necessary 
flexibility  to  control  both  the  overall  contours  and  their  axial  location 
on  the  barrel.  The  first  group  of  contoured  barrels  (Sl  , SZ,  and  H3  through 
H7  on  Table  XV)  were  found  to  have  well  developed  rifling  over  the  cylindri- 
cal portion  of  the  barrel  and  immediately  over  the  center  lug,  but  the  rif- 
ling was  not  complete  for  about  3/8  inch  (I  cm)  on  the  taper  leading  up  to 
the  center  lug  from  the  muzzle  end.  Analysis  of  the  metal  flow  in  this 
region  indicated  that  the  forging  was  accomplished  in  two  stages.  The 
leading  end  of  the  4*  die  tape  partially  reduced  the  preform  as  the  tem- 
plate follower  engaged  the  lead  taper  on  the  template  while  the  balance  of 


62 


the  deformation  was  produced  by  the  trailing  edge  of  the  die  taper.  Under 
these  conditions!  the  maximum  radial  force  over  the  contour  was  reduced 
resulting  in  a smaller  inward  displacement  of  metal  over  the  rifling  man- 
drel although  the  cumulative  reduction  at  this  point  vmb  theoretically 
adequate  to  form  complete  rifling.  Apparently  this  problem  is  serious 
for  contours  generated  by  die  opening  sequences  and  not  as  critical  for 
contours  produced  by  die  closures,  i.e.,  the  breech  side  taper  on  the 
center  lug. 


The  T-2  template  was  further  modified  to  provide  a 
taper  leading  up  to  the  center  lug  slightly  less  than  4*  to  relieve  the 
previously  observed  bridging  effect  during  the  die  opening  mode.  A 
series  of  eight  barrels  were  forged  with  increasing  reductions  (specimens 
618-74-1  through  8,  Table  XV)  in  an  effort  to  produce  properly  developed 
rifling  throughout  the  bore.  The  entire  range  of  reductions  were  explored 
up  to  a maximum  of  36%  at  the  lug  and  43%  along  the  muzzle  during  this 
effort.  Sectioning  of  these  barrels  showed  that  good  quality  rifling  was 
developed  at  an  optimum  reduction  of  40%  at  the  muzzle,  33%  at  the  centor 
lug,  and  24%  over  the  chamber  body.  Illustrations  of  underfill,  overfill, 
and  properly  developed  rifling  are  presented  In  Figures  24  through  26 
respectively  for  transverse  sections  renx^ved  from  the  H-Il  barrels.  A 
contour  forged  H-134  H-il  barrel  is  shown  in  Figure  27  along  with  the 
starting  bar,  the  preform,  and  the  modified  template. 

Although  borescope  inspection  revealed  that  good  rifling 
had  been  developed  throughout  the  618-74-8  forging,  air  gaging  established 
that  a non-uniform  bore  diameter  condition  existed.  The  region  under  the 
center  lug  was  found  to  be  .3055  to  3*060  inch  (7 *760  to  7.772  cm)  In 
diameter  while  the  remainder  of  the  bore  was  at  the  desired. 3045  to  .3046 
inch  (7.734  to  7.742  cm)  oversize  for  direct  chromium  electroplating. 

Data  were  gathered  which  suggested  that  the  bore  variation  was  directly 
related  to  the  amount  of  reduction,  implying  that  a constant  reduction 
preform  design  Is  required  for  successful  contour  forging  of  M-134  barrels. 
These  data  are  presented  in  Table  XVI  to  document  the  observed  apparent 
springback  effect.  Based  on  this  unexpected  development,  a further  modifica- 
tion to  the  preform  design  must  be  considered.  A design  for  a contoured  pre- 
form design  has  been  developed  to  provide  a constant  reduction  throughout 
the  rifled  bore  believed  necessary  to  alleviate  the  non-uniform  springbacx 
condition  encountered  during  forging  of  cylindrical  preforms.  Although  the 
material  had  already  been  received  for  the  final  series  of  forgings  and 
further  modifications  could  not  be  evaluated.  Figure  28  illustrates  a pro- 
posed preform  design  to  achieve  a constant  reduction  forging.  Rather  than 
machine  such  a preform  with  a serious  attendant  material  loss,  a prelim- 
inary forging  operation  could  be  performed  to  generate  this  preform  design. 
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FIgurs  2^.  Underfill  Condition  for  Contour  Forged  M-13^  H-ll  Preform 

et  a Reduction  of  31%  Over  the  Center  Lug,  Specimen  6l8>7^~5 


b)  2S0X  \ 
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figur*  25.  Ov«rfll1  Conditions  for  Contour  Forged  M-13^  H-II  Preform  et  e 
Roductlon  of  362  Over  the  Center  Lug,  Specimen  6l8-74~7. 


Figure  27.  Illustration  of  the  Initial  Bar,  Preform,  Forged  Barrel, 
and  Template  Used  to  Produce  a Contoured  H-13^  Barrel. 


A cylindrical  bar  approximately  12  inches  long  (30.5  cm)  having  a 0.5  to 
0.6  inch  (1.27  to  1.52  cm)  gun  drlliod  hole  would  be  forged  into  the  con- 
figuration illustrated  In  Figuro  28.  Heat  treatment  to  the  desired  36*38 
Rc  lavel  would  then  be  performed  prior  to  the  final  contour  forging  pro- 
cedure. 


A series  of  four  non-contoured  H-13^  forgings  were  pre- 
pared from  H-ll  material  to  verify  a reduction  schedule  suitable  for  use 
on  the  quantity  production  demonstration  phase  of  the  program  (specimens 
6l8-7^~9  through  12,  Table  XV).  It  was  necessary  to  revert  to  non-con- 
toured  forgings  because  the  material  had  already  been  received  for  this 
phase  and  delivery  schedules  for  new  materials,  preform  preparation,  and 
the  subsequent  two-stage  forging  operation  precluded  further  program 
delays.  Good  quality  rifling  and  chambering  results  were  obtained 
although  the  35%  reduction  schedule  adopted  for  the  barrel  portion  result- 
ed in  an  undersize  condition  of  .010  Inch  (.025  cm)  at  the  center  lug. 

It  was  decided  through  mutual  consent  of  Rock  Island  Arsenal  personnel 
that  this  condition  would  not  seriously  interfere  with  an  evaluation  of 
the  barrel  performance  during  subsequent  firing  tests.  Borescope  Inspec- 
tions revealed  that  good  qual  tty  rif I Ing  was  developed  while  the  chambers 
were  not  completely  filled  at  the  cartridge  neck  despite  the  fact  that 
the  chamber  0.0.  was  at  the  minimum  required  to  produce  the  rear  lug  con- 
figuration, The  preforms  employed  were  1.385  Inches  (3.518  cm)  In  diam- 
eter, thus  the  additional  .025  inches  (.06i»  cm)  planned  for  the  final  pro- 
duction series  was  definitely  required  to  correct  this  situation.  This 
additional  stock  allowance  on  the  preform  would  increase  the  reduction  at 
the  chamber  from  29%  to  27%  and  permit  complete  fill  in  the  chamber  area. 

Concurrent  with  the  second  H-13^  process  evaluation  series, 
H-219  H-ll  forgings  were  also  prepared  employing  the  preform  design  presen- 
ted in  Figure  19.  The  use  of  a tapered  preform  alleviated  the  impacting 
and  partial  machine  overloading  conditions  experienced  during  the  initial 
evaluation  sequence.  Five  forgings  were  prepared  at  Increasing  reduction 
schedules  and  the  pertinent  data  are  summarized  in  Table  XVI I , specimens 
Tl  and  Ml  through  MA.  The  rifling  quality  was  found  to  be  of  qood  quality 
except  at  the  preform  shoulder  and  was  Improved  somewhat  as  the  reductions 
were  increased.  This  problem  was  similar  to  that  obtained  at  the  lugs  on 
the  M-13^  preforms  but  the  absence  of  lugs  simpi  If  led  the  solution.  The 
preform  and  forging  templates  were  modified  to  provide  a continuous  taper 
up  to  the  breech  diameter  of  1.750  inches  {k.kkS  cm).  An  additional  six 
forgings  were  prepared  over  a range  of  reductions  from  19  to  33%,  speci- 
mens 618-7^-1  through  >•,  Table  XVII.  The  modified  preform  design,  net 
forging,  and  template  geometries  employed  are  illustrated  in  Figures  29 
30,  and  31  respectively.  The  modified  preform  design  resulted  in  sucF 
an  improvement  in  metal  flow  about  the  breech  area  that  the  mandrel  be- 
came trapped  in  the  bore  near  the  breech.  The  metal  contracted  about 
the  slight  taper  between  the  mandrel  and  its  steel  retainer  stub,  thu^ 
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Imlillng  it  firmly  in  lliu  lM>ro  iinti  causing  titc  inandrol  cxlcnsion  rod 
to  break  at  llte  screw  attacliinunt  point.  A mandrel  longer  tiuin  llu*  2.!> 
inch  (6.35  cm)  design  (Figure  8)  was  not  available  to  alleviate  this 
problem  but  the  rear  portion  of  the  preform  counterbored  to  11/32  inch 
(.87  cm)  diameter  for  a distance  of  6 Inches  (15*2  cm)  solely  to  relieve 
the  mandrel  overlap  condition  such  that  the  full  contouring  concept  for 
the  H-219  barrel  configuration  could  be  validated.  To  this  end,  the 
final  preform  design  was  fully  satisfactory  In  producing  a fully  contoured 
forging  without  overloading  the  machine  or  encountering  severe  die  impact- 
ing. Further,  the  rifling  developed  In  the  counterbored  region  was  of 
reasonable  quality  which  was  taken  as  evidence* that  a normal  preform  hav- 
ing a .318  inch  (.808  cm)  bore  throughout* and  forged  with  a rifling  man- 
drel at  least  3 inches  (7.62  cm)  long  would  contain  full  rifling  even  In 
the  previously  troublesome  shoulder  area.  The  appearance  of  the  as-forged 
H-219  barrel  is  illustrated  In  Figure  32. 
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Barrel  O.D.  finishing  operations  were  evaluated 
employing  a template-controlled  tracer  lathe  located  at  a subcontractor, 
General  American  Industrial  Corporation,  Blairsville,  Penna.  (GAICO). 

This  machine  tool  had  the  capability  of  turning  the  O.D.  to  size  in  one 
pass  with  secondary  finishing  operations  of  end  facing,  lug  milling,  and 
corner  radii  required.  The  existing  tooling  required,  however,  that  the 
barrel  blank  have  a cylindrical  O.D.  As  an  expedient  to  avoid  develop- 
ment time  and  purchase  costs  for  a hydraulic  follower  rest,  the  forgings 
were  encapsulated  in  matrix  to  provide  a cylindrical  form  1.250  inches 
(3.175  cm)  in  diameter.  Cerrocast,  an  aluminum  oxide  filled  wax,  an  alum- 
inum filled  wax,  and  glass  powder  filled  epoxy  were  evaluated  as  support 
materials.  Some  preliminary  turning  tests  quickly  established  that  CIBA 
Araldite  502  epoxy  filled  with  501  by  weight  of  powdered  GO  mesh  glass 
provided  excellent  support  for  the  machining  operations.  Figure  33 
illustrates  the  appearance  of  a)  alumina  filled  wax,  b)  epoxy-glass 
encapsulation  after  trial  machining,  c)  a fully  encapsulated  H-134  forg- 
ing, and  d)  a finished  H-II  H-134  barrel.  A series  of  six  M-134  barrels 
were  subsequently  machined,  two  IN  903  and  four  H-II,  to  finished  dimen- 
sions to  demonstrate  the  process  and  develop  a machining  routing  for  cost 
analysis.  An  additional  group  of  four  M-13^  barrels  were  also  prepared 
employing  an  HES  tracer  lathe  to  further  oafine  the  routing  for  O.D. 
finishing  procedures.  These  data  were  obtained  in  support  of  the  Task  III 
Process  Analysis  phase  of  the  program  and  will  be  treated  in  detail  in 
discussion  of  the  Task  Mi  results. 
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3.2  TASK  1 1 - Barrel  Fabricttton  Otroonstratlon 

Th«  fabrication  paramatars  davalopad  as  a rasutt  of  tha 
axtansiva  Task  I effort  wara  amployad  In  tha  praparation  of  23  M-13^ 
barrels  of  H-ll  material,  Rr  hardness  36-38,  and  32  H-13^  barrels  of 
IN  903  alloy  agad  to  38-hO.  These  barrels  ware  shipped  to  Rock  Island 
Arsenal  for  bora  electroplating  and  subsequent  evaluation. 

3.2.1  Preform  Preparation 

Fully  heat  treated  bar  stock  was  obtained  from  Huntington 
Alloys  (IN  903)  and  Braaburn  Alloy  Steel  (H-ll)  for  preform  fabrication. 

The  IN  903  and  H-ll  bars  were  I.^IOt'^^^  inches  (3.58lt;3oo^  diameter 

and  l7.5t;5o  If’^hes  cm)  long  and  were  grit  blasted  prior  to 

receipt  to  remove  any  heat  treat  scale.  The  entrance  end  of  the  bars 
were  faced  square  prior  to  gun  drilling  to  aid  in  initiation  of  the  gun 
drilled  hole  and  to  identify  the  drill  entrance  hole.  Although  a con- 
centricity loss  of  .001  inch  (.0025  cm)  T.I.R.  per  inch  (2.5^  cm)  is 
experienced  during  gun  drilling,  a .kBkk  inch  (1.230  cm)  drill  guide 
bushing  controlled  the  runout  within  the  desired  .005  T.I.R.  (.0127  cm) 
for  the  first  to  5 inches  (10  to  13  cm)  of  the  drilled  bar.  The  NI3 
Eldorado  gun  drills  {.kBk  inch,  1.229  cm)  and  White  and  Bagley  No.  2480 
oil  were  used  to  bore  the  bars  at  the  parameters  listed  i:i  Table  XVi  1 1 . 

The  surface  finish  was  within  40  to  60  microinch  AA  (1.0  to  1.5  um  AA) 


requirement  for  finish  prior  to  GFM  forging. 

TABLE  XVIi: 

Gun  Drilling  Parameters 

H-ll  IN  903 

Speed,  SFM  (cm-sec“’)  200  (102)  36  (18.4) 

Feed,  in-min  * (cm-sec”')  1.2  (.0511  .36  (.015) 

Tool  Life,  in  (cm)  >17.5  in  (44.4)  3 (7.62) 

Drilling  Time,  min  14.6  48.6 


Th«  drin««f  bars  w«r«  machined  to  tha  finailzad  preform  design 
configuration  iliustratad  in  Figure  2i«  Concentricity  was  established 
with  the  bore  by  turning  between  centers  located  on  the  gun  drilled  holes. 

The  bar  ends  were  oriented  such  that  the  gun  drill  entrance  hole  was  at 
the  breech  end  of  the  preform.  A serious  problem  was  encountered  during 
tha  O.D.  machining  operation  when  It  was  recognized  that  a combined  out  of 
round  and  straightness  error  existed  for  the  as  received  bar  stock  which 
precluded  maintaining  concentricity  requirements  at  tha  breach  end  at  the 
desired  diameter  of  i.biO  Inches  (3>58i  cm).  The  geometry  of  the  bars  was 
analyzed  after  turning  them  to  a constant  diameter  of  1.405  inches  (3.569 
cm)  and  the  amount  of  material  required  to  be  removed  to  restore  concentricity 
determined.  These  data  are  presented  in  Table  XiX.  Thus,  the  maximum 
achievable  preform  diameter  to  achieve  cleanup  within  the  .005  inch 
(.0127  cm)  TJ.R.  requirement  for  overall  concentricity  was  1 .390  inches 
(3.531  cm). 


TABLE  X>X 

Bar  Geometry  Analysis 


Measurement 


Value,  in  (cm) 


Bar  Diameter 

Average  Runout 

Standard  Error,  S 

Minimum  Cleanup 

(97.5  Tolerance  Interval) 


1.405  (3.569) 
.0038  (.0097) 
.0025  (.0064) 
1.390  (3.531) 


The  inordinately  long  lead  times  associated  with  reordering  bar  stock 
having  additional  specifications  on  out  of  round  and  straightness  toler- 
ances not  included  in  the  original  specification  precluded  replacement 
and  dictated  the  use  of  1.390  inch  (3.531  cm)  preforms  for  the  final 
fabrication  sequence.  This  unfortunate  development  dictated  that  extreme 
care  be  exercised  in  setting  up  the  subsequent  forging  operation  to 
assure  optimum  chamber  formation  while  providing  adequate  stock  for  the 
O.D.  breech  lug. 
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3.2.2  Forging 

A total  of  77  H-ll  and  AO  IN  903  M-13^  proforma  wore 
shippad  to  Rock  Island  Arsonal  for  rotary  forging.  It  was  establishod 
during  tha  Task  II  evaluation  that  a cylindrical  or  non-contoured  barrel 
forging  would  be  necessary  to  produce  a gun  tube  having  a uniform  bore 
dimension.  The  technology  required  to  prepare  the  necessary  contoured 
preforms  for  a contoured  forging  was  regarded  as  being  outside  the  present 
scope  of  the  program  and  would  have  required  substantial  further  forging 
evaluation. 

The  final  processing  parameters  were  established  employing  a 
number  of  trial  forgings  in  both  the  H-ll  and  IN  903  materials.  Hammer 
settings  established  for  a particular  diameter  in  H-11  steel  required  a 
decrease  to  achieve  the  same  result  In  the  IN  903  alloy.  Establishment 
of  hammer  control  settings  were  readily  achieved  to  produce  the  net 
I .208  inch  (3.068  cm)  chamber  and  I .080  inch  (2.7^  cm)  M-13^  barrel 
diameters.  The  major  problem  encountered  was  the  location  of  the  step 
in  diameters  in  relation  to  the  chamber  neck  such  that  the  chamber  was 
fully  developed  while  providing  adequate  stock  for  the  rear  barrel  lug. 

The  final  cam  settings  on  the  axial,  or  length,  control  panel  provided 
a new  forging  with  the  leading  edge  of  the  1.208  inch  (3.068  cm)  breech 
diameter  located  .3  inch  (.762  cm)  ahead  of  the  body  taper  of  the  chamber. 
This  location  represents  the  closest  approach  the  forging  envelop  can 
make  to  the  rear  lug  and  assure  clean-up  during  finish  machining.  This 
configuration  is  illustrated  in  Figure  30.  The  settings  on  the  diameter 
and  length  cam  panels  are  listed  in  Table  XV  for  purposes  of  documentation. 
The  main  control  panel  settings  are  also  listed  in  Table  XXI  to  complete 
the  documentation  and  permit  future  re-establishment  of  the  forging 
conditions  with  a minimum  of  trial-and-error . 

TABLE  XX 


GFH  Machine  Cam  Panel 

Control  Settings 

for  M-I3A  Forg 

ings 

Cam  Panel 
No. 

Diameter 

Panel 

Length 

Panel 

1 

Left  Right 
1200  - 80 

2 

- 

1200  - 

20it 

3 

8.5  mm 

1200  - 

71 

it 

15.5  mm 

1200  - 

16 

5 

26.5  mm 

1200  - 

655 

6 

- 

- - 

7 

- 

\ 

8 

- 

- 

9 

- 

- 

10 

- 

- 

II 

26.5  mm 

- - 
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TABLE  XXI 


liFH  Hachlnt  Hiln  Control  P<n>l  Settings  for  6arr«l  Foraingt 


3 

I 

S«Uctor  Switch  3 

Settings  Q 

1 


The  bores  were  sir  geged  at  .3045-. 30A8  Inches  (7.734  to  7.742  mm) 
across  the  lands  and  .3125-^0  .3128  (7.938  to  7.945  mm)  across  the  grooves. 
These  dimensions  are  appropriate  for  direct  electroplating  of  the  bore 
to  finish  bore  specifications  without  electropolishing.  Bore»cope  In- 
spection revealed  fully  developed  rifling  had  been  produced  without 
visible  tool  marks  remaining  from  the  gun  drilling  operation.  Some 
roughness  was  detected  at  the  chamber  neck  but  further  margin  for  adjust- 
mentir  in  the  O.D.  contour  or  reductions  to  improve  the  finish  was  not 
possible. 

The  quantity  forging  operations  were  initiated  with  H-134  H-ll 
barrels  using  the  oversize  rifling  and  chambering  mandrel.  A total  of 
l8  blanks  were  forged  when  the  mandrel  fractured  at  an  internal  dis- 
continuity midway  in  the  rifling  portion.  The  back-up  oversize  mandrel 
was  substituted  and  forging  resumed.  However,  since  it  was  the  last 
remaining  oversize  mandrel , operations  were  transferred  to  the  IN  903 
material  because  it  was  desirable  to  avoid  the  need  to  eiectropol i sh 
barrels  of  this  material  should  she  second  mandrel  fail.  The  decision 
was  Justified,  for  chipping  of  the  mandrel  lead  edge  on  the  rifling  lands 
occurred  after  nine  IN  903  H-134  barrels  were  forged.  The  chipped  edge 
resulted  in  some  damage  to  the  rifling  lands  and  the  mandrel  was  replaced 
with  a standard  size  rifling  and  chambering  mandrel.  The  remaining  59 
H-ll  and  31  IN  903  barrel  forgings  were  produced  with  this  tooling. 

The  barrels  forged  with  the  standard  tooling  were  air  gaged  at 
.3015  to  .3018  inches  (7.658  to  7.666  mm)  across  the  lands.  The  slight 
oversize  condition  was  regarded  as  beneficial  in  that  the  amount  of 
electropolishing  required  to  size  the  bore  prior  to  electroplating  with 
chromium  was  minimized. 


Cycle  Number 

6 7 8 2 i£ 

0 4 0 4 0 

1 4 I 5 I 

2 0 2 0 4 

3 14  15 
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Th«  farging  avaliMtlon  program  conductad  in  Task  I was  consldarad 
an  adaquata  daMonatrat'on  of  tha  faaslbtllty  of  producing  futly  contoured 
M-219  barralt  of  H-il  matarlal . Tha  appaaranca  of  an  at^forgad  M-219 
blank  wat  praaantad  In  Figure  32.  Since  this  preform  was  forged  entirely 
under  template  control,  machine  cam  panel  controls  were  limited  to  hammer 
closure  and  retraction  commends  et  the  initiation  and  completion  of  the 
cycle. 


All  forgings  were  returned  to  TRW  for  cleaning,  machining,  and 
final  inspection. 


3*2.3  Post-Forge  Inspection 

The  as-forged  berrels  were  returned  to  TRW  for  cleaning 
and  Inspection.  Examination  of  longitudinally  sectioned  M-I3A  barrels  in 
both  H-ll  and  IN  903  alloys  reinforced  the  earlier  borescopa  inspections 
showing  that  the  rifling  quality  and  surface  finish  were  excel  lent.  The 
previously  noted  roughness  at  the  chamber  neck  was  found  to  be  of  a more 
serious  nature  than  revealed  by  simple  borescopa  inspection  procedures. 

A definite  lack  of  fill  existed  on  all  forgings  at  the  chamber  neck 
immediately  below  the  rear  barrel  lug.  A typical  example  of  this  con- 
dition is  illustrated  In  Figure  3^  for  an  H-13^  H-ll  sectioned  barrel. 

A direct  cause  of  this  underfill  condition  was  the  loss  of  the  planned 
l.blO  inch  (3*581  cm)  0.0.  dimension  on  the  preform  due  to  the  out  of 
round  and  straightness  errors  encountered  on  the  incoming  bar  stock 
materials  and  the  inability  to  move  the  chamber  stap  iilustrated  In 
Figure  35  further  to  the  rear  of  the  forging.  The  remaining  critical 
areas  on  the  forgings  were  within  desired  tolerances  for  subsequent 
machining  operations.  These  ereas  included  tha  following: 

1)  the  rifled  length  exceeded  the  20  inches  (51  cm)  required, 

2)  the  breach  and  barrel  O.i).  meet  the  barrel  envelope 
requirements,  and 

3)  the  chamber  was  properly  forged  back  into  the 
1*5  Inch  (3.81  cm)  discard  length. 

An  H-ll  H-i3b  barrel  forging  was  prepared  In  which  the  chamber  step  was 
moved  back  .5  Inch  (1.270  cm)  towards  the  breech  end.  The  appearance 
of  the  iully  developed  chamber  is  illustrated  in  Figure  36  along  with 
an  ir.set  of  this  section  after  macroetching  to  develop  the  metal  flow 
pattern. 

Discussions  were  conducted  between  Rock  Island  Arsenal  and  TRW 
personnel  to  adopt  an  acerptabie  repair  sequence.  Three  possible 
solutions  were  proposed: 
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Ftnishad 

•arr«l 


Forging 

Envolop* 


FIguro  35.  Illustration  of  Rolstfonship  Bstwsan  Chamber  Geometry, 

Rear  Barrel  Lug,  and  the  Step  on  the  Forging  Envelope. 


1)  deposit  M«ld  iMtal  ahMd  of  stop  for  roor  lug  and  rochwnbtri 

2)  nickol  plato  nack  araa  and  ra-*astabl  i sh  contours,  and 

3)  bora  nack  araa  ovorslaa  and  Inaart  pramachtnad  collar. 


Tha  first  altarnativa  Mas  adoptad  by  unanimous  agroamant.  Tmo  wald  wire 
alloys  to  affect  tha  repair  ware  selected  as  being  highly  compatible  with 
tha  IN  ^3  and  H-ll  barrel  materials.  These  alloys  are  Identified  In 
Table  XXII  with  respect  to  trade  name  and  composition.  The  repair  sequence 


TABLE  XXII 


Identification  of  Weld  Nepal r Alloys 


)2  for  IN 


Barrels 


Eureka  72A  for  H-ll  Barrels 


Element 

Wt  % 

El ament 

Wt  X 

Nl 

67  mtn 

Fe 

Bal 

Cr 

20 

Cr 

5.00 

Hn 

3.0 

W 

1.36 

Cb+Ta 

2.5 

Ho 

1.39 

Fe 

3.0  max 

Si 

.84 

Co 

.1C  max 

C 

.36 

1 

.5  max 

Hn 

.28 

! Ta 

.3  max 

V 

.44 

Cu 

.5  max 

Tl 

.75  max 

C 

.10  max 

S 

1 

.015  max 

involved  a seven  step  operation: 

1)  locate  weld  xone  0.3  Inches  (.762  cm) 

ahead  of 

present 

lug 

location. 

2)  grind  reference  diameter  or  barrel  0.0.  concentric 

with  rifling  to  permit  post  weld  evaluation  of  possible 
distortion  effects. 


3)  prehMt  barrel  at  weld  zone  to  I000*F  (538*C)  on 
rotating  fixture  with  argon  flowing  through  bore, 

4)  deposit  weld  to  1.22  Inch  (3*10  cm)  diameter  In 
five  passes, 

5)  force  cool  with  air  blast, 

6)  inspect  for  chamber  runout  with  respect  to  reference 
diameter  on  barrel  O.D.,  and 

7)  rechamber  and  polish. 

Inspection  of  the  i«lded  barrels  revealed  that  the  maximum  T.I.R.  error 
was  less  than  0.0015  inches  (0.0038  cm)  in  all  cases.  The  multipass 
technique  produced  a tempering  effect  on  the  initial  weld  deposits  and 
effectively  stress  relieved  tho  underlying  base  metal,  thus  producing 
minimal  effects  on  material  properties  in  this  area.  No  harJness  changes 
were  detected  in  the  IN  903  material  while  a slight  hardness  increase 
was  noted  Immediately  adjacent  to  the  weld  deposit  in  the  case  of  H-11. 

This  effect  was  limited  to  a depth  of  .1  inch  (.254  cm)  and  was  not 
regarded  as  detrimental  to  the  barrel  performance  capabilities.  No 
oxidation  or  heat  effects  could  bu  detected  in  the  bore  region  beneath 
the  v\«ld  location.  1he  chambers  were  extended  .3  inches  (.762  cm) 
employing  Clymer  reamers  having  a pilot  extension  and  spiral  teeth. 

Felt  bobs  impregnated  with  I micron  alumina  abrasive  were  used  to  refine 
the  chamber  finish  to  a degree  equivalent  to  that  produced  within  the  bore 
by  GFM  forging. 

This  experience  provided  an  additional  advance  in  technology  for 
inspection  of  rotary  forged  small  arms  barrels.  Borescope  examinations 
do  not  provide  the  capacity  for  precise  definition  of  contours  or  elevations. 
A definite  need  has  been  established  to  either  section  a test  forging  for 
direct  evaluation  of  chamber  quality  or  to  pour  a cerroaiioy  chamber 
casting  to  indirectly  characterize  the  degree  of  fill  achieved.  The 
latter  procedure  can  be  readily  done  at  the  forge  machine  by  dropping  a 
steel  plug  into  th^a  breech  end  which  has  a body  diameter  slightly  less 
than  the  bore  diameter  across  the  lands  and  a small  sharp  flange  on  one 
end  to  seat  at  the  rifling  throat.  A cerroaiioy  chamber  casting  can  be 
readily  prepared  and  removed  for  evaluation  without  damage  to  either  the 
bore  or  the  casting. 
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led  M-134  Barrels  of  H-H  Steel  Pr*pa''ed  by 
rith  Combined  Rifling  and  Chambering. 


i.l.k  Finish  Machining 

The  IN  903  and  H-l I barrel  forginqs  were  finish  machined 
iitllowlnii  I Ik*  • r(  luMwbm  I imi  o(>rrn(  i«Mi  wltUh  coitrcled  I be  imdarflll  ton 
ditiun  Ml  llir  chambei  neck,  four  basic  iitachine  ltK»l*.  ware  ampluyed  In  ibe 
finishing  operations:  a Handy  l<«  x S6  Engine  Lathe,  an  HES  Tracer  Lathe, 
a Brown  and  Sharpe  Cylindrical  Grinder,  and  a Bridgeport  Hilling  Machine. 
Photographs  of  30  completed  IN  9C3  H-13^  barrels  and  20  H-l I H-134  barrels 
are  presented  in  Figures  37  and  38,  respectively. 

A machining  routing  was  established  for  the  finishing  operations 
taking  as-forged  and  chambered  blanks  to  the  finished  barrel.  The  routing 
is  summarized  in  Table  XXIII.  Specific  analysis  of  the  routing  and  Its 
optimization  for  quantity  production  will  be  treated  in  Task  III.  However, 
some  of  the  more  important  aspects  of  finishing  these  barrels  will  be 
reviewed  within  the  context  of  the  routing  described  in  Table  XXIII. 

The  bore  and  chamber  of  gun  tubes  prepared  by  rotary  forging  ere 
essentially  finished  after  forging  and  al!  O.D.  machining  must  be  located 
with  respect  to  the  positl^..  of  the  chamber.  The  first  operation  must 
be  to  cut  the  breech  end  to  length  and  thus  establish  headspace  control. 

As  a practical  consideration  a stock  allowance  for  the  female  center  should 
also  be  provided  In  addition  to  the  headspace  allowance.  Establishment 
of  the  breech  face  then  provides  a refere.ice  surface  for  all  subsequent 
gaging  operations.  See  Figure  2 for  dimensional  organization  for  the 
M-I34  barrel  which  shows  the  breech  face  to  be  the  primary  reference 
surface.  Operations  I through  5 thus  orovide  accurate  location  points 
for  the  remaining  procedures  and  essentially  finish  the  breech  end.  I he 
roughing  operations  (6  and  7)  allow  rapid  stock  removal  and  act  to  reduce 
cycle  times  for  any  given  operation  to  facilitate  queing  problems 
associated  with  volume  production  schedules  if  one  operation  becomes 
significantly  longer  than  the  average  individual  procedures.  Operations 
8 and  9 represent  the  limiting  links  in  the  process  chain.  With  two 
roughing  passes  and  a finiihing  pass  for  each  case,  the  net  machining 
time  for  Operation  8 is  6.75  minutes  and  9.75  minutes  for  Operation  9. 

The  plunge  grinding  operation  was  also  employed  to  dress  the  front  face 
of  the  center  >arrel  lug  to  finish  dimensions  as  trie  four  .619  inch 
(1.572  cm)  bosses  were  ground,  thus  saving  one  corner  radiusing  step  in 
Operation  II.  Both  lugs  were  milled  using  one  setup  in  Operation  12. 

The  center  lug  flat  was  milled  first,  the  barrel  rotated  117"  about  Its 
axis,  and  then  a one-pass  milling  cut  was  continued  for  126*  rotation  to 
complete  the  rear  lug  configur  ion.  Final  inspection  after  trimming 
the  barrel  ends  to  remove  the  centers  was  conducted  employing  conventional 
gaging  equipment  although  special  gage  fixtures  would  be  constructed  for 
volume  production  to  qualify  the  dimensions  as  they  were  generated  during 
the  routing. 
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3)  prehMt  barrel  at  weld  zona  to  IOOO*F  (S38*C)  on 
rotating  fixture  with  argon  flowing  through  bore, 

k)  deposit  weld  to  1.22  inch  (3«I0  cm)  diameter  in 
five  passes, 

5)  force  cool  with  air  blast, 

6)  inspect  for  chamber  runout  with  respect  to  .eference 
diameter  on  barrel  0.0.,  and 

7)  rechamber  and  polish. 

Inspection  of  the  we  I dec'  barrels  revealed  that  the  maximum  T.I.R.  error 
was  less  than  0.0015  inches  (0.0038  cm)  in  all  cases.  The  multipass 
technique  produced  a tempering  effect  on  the  initial  weld  deposits  and 
effectively  stress  relieved  the  underlying  base  metal,  thus  producing 
minimal  effects  on  material  properties  In  this  area.  No  hardness  changes 
were  detected  in  the  IN  903  material  while  a slight  hardness  increase 
was  noted  immediately  adjacent  to  the  weld  deposit  in  the  case  of  H-l I . 

This  effuct  was  limited  to  a depth  of  .1  inch  (.25^  cm)  and  was  not 
regarded  as  detrimental  to  the  barrel  perfonrance  capabilities.  No 
oxidation  or  heat  effects  could  be  detected  in  c^e  bore  region  beneath 
the  weld  location.  The  chambers  were  extended  .3  inches  (.782  cm) 
employing  Clymer  reamers  having  a pilot  extension  and  spiral  teeth. 

Felt  bobs  impregnated  with  I micron  alumina  abrasive  were  used  to  refine 
the  chamber  finish  to  a degree  equivalent  to  that  produced  within  the  bore 
by  GFM  forging. 

This  experience  provided  an  additional  advance  in  technology  for 
inspection  of  rotary  forged  small  arms  barrels.  Borescope  examinations 
do  not  provide  the  capacity  for  precise  definition  of  contours  or  elevations. 
A definite  need  has  been  established  to  either  section  a test  forging  for 
direct  evaluation  of  chamber  quality  or  to  pour  a cerroalloy  chamber 
casting  to  indirectly  characterize  the  degree  of  fill  achieved.  The 
latter  procedure  can  be  readily  done  at  the  forge  machine  by  cropping  a 
steel  plug  into  the  breech  end  which  has  a body  diameter  slightly  less 
than  the  bore  diameter  acrocs  the  lands  and  a small  sharp  flange  on  one 
end  to  seat  at  the  rifling  throat.  A cerroalloy  chamber  casting  can  be 
readily  prepared  and  removed  for  evaluation  without  damage  to  either  the 
bore  oi‘  the  casting. 
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3.2.4 


■P: 


Finish  Machining 

The  IN  903  «nd  K-ll  barrel  forginqs  were  finish  machined 
lollowinq  I hr  1 rt  h.MiWiri  I iiq  ivprrntloM  %^«lth  collected  I he  iiula"llll  ton 
dillon  at  (he  chaiiibei  neck,  four  basic  machine  tools  waro  e/ipluyad  In  ihe 
finishing  operations:  a Hendy  I4  x 58  Engine  Lathe,  an  HES  Tracer  Lathe, 
a Brown  and  Sharpe  Cylindrical  Grinder,  and  a Bridgeport  Hilling  Machine. 
Photographs  of  30  conpletad  IN  903  H-134  barrels  and  20  H-l I K-134  barrels 
are  presented  in  Figures  37  and  38,  respectively. 


A machining  routing  was  established  for  the  finishing  operations 
tal ing  as-forged  and  chambered  blanks  to  the  finished  barrel.  The  routing 
is  summarized  in  Table  XXIII.  Specific  analysis  cf  the  routing  and  its 
optimization  for  quantity  production  will  be  treated  in  Task  III.  However, 
some  of  the  more  important  aspects  of  finishing  these  barrels  will  be 
reviewed  within  the  context  of  the  i^/Jtlng  described  in  Table  XXII  i. 


The  bore  and  chamber  of  gun  tubes  prepared  by  rotary  ferging  are 
essentially  finished  after  forging  and  all  0.0.  machining  must  be  located 
with  respect  to  the  position  of  the  chamber.  Tlv'  first  operation  must 
be  to  cut  the  breech  end  to  length  and  thus  establish  headspace  control. 

As  a practical  consideration  a stock  allowance  for  the  female  center  should 
also  be  provided  in  addition  to  the  headspace  allowance.  Establishment 
of  the  breech  face  then  provides  a reference  surface  for  all  subsequent 
gaging  operations.  See  Figure  2 for  dimensional  organization  for  the 
M-I34  barrel  which  shows  the  breech  face  to  be  the  primary  reference 
surface.  Operations  I througo  5 thus  provide  accurate  location  points 
for  the  remaining  procedures  and  essentially  finish  the  breech  end.  The 
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cycle  times  for  any  given  operation  to  facilitate  queing  problems 
associated  with  volume  production  schedules  if  one  operation  becomes 
significantly  longer  than  the  average  individual  procedures.  Operations 
8 and  9 represent  the  limiting  links  in  the  process  chain.  With  two 
roughing  passes  and  a finishing  pass  for  each  case,  the  net  machining 
time  for  Operation  8 is  6. 75  minutes  and  9.75  minutes  for  Operation  9. 

The  plunge  grinding  operation  was  also  employed  to  dress  the  front  face 
of  the  center  barrel  lug  to  finish  dimersions  as  the  four  .619  inch 
(1.572  cm)  bosses  were  ground,  thus  saving  one  corner  radiusing  step  in 
Operation  II.  Both  lugs  were  milled  using  one  setup  in  Operation  12. 

The  canter  lug  flat  was  milled  first,  the  barrel  rotated  117*  about  its 
axis,  ano  then  a one-pass  milling  cut  was  continued  for  126*  rotation  to 
complete  the  rear  lug  cc.nf igurat ion.  Final  inspection  after  trimming 
the  barrel  ends  to  remove  the  centers  was  conducted  employing  conventional 
gaging  equipment  althougn  special  gage  fixtures  would  be  constructed  for 
volume  production  to  qualify  the  dimensions  as  they  were  generated  during 
the  routing. 
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Figure  37>  Photograph  of  30  Finished  N-13^  Barrels  of  IN  303  Alloy  Prepared 
by  Cold  Rotary  Forging  with  Combined  Rifling  and  Chambering. 
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TABLE  XXIII  I 1 

■ 

t 1 

Routing  for  Finish  Machining  of  M-13^  Rorrol  Forging* 


Mo. 

Machine 

Oparat ion 

Tooling  Requirements 
and  Comments 

1. 

- 

Locate  Chamber 

Bali  and  Depth  Micrometer 

2. 

Handoy  Lathe 

Cut  Breach  End 

Parting  Tool -Stock 
Allowance  for  Canter 

1 

i 

3. 

Handay  Latha 

Cut  Muzzle  End 

Parting  Too)  - Stock 
AllotiMnce  for  Center 

1 i 

; 1 

' j 

4. 

Handay  Latha 

Turn  Breach  O.D. 
Concentric  with 
Bora 

Triangular  C-2  Carbide 
Inserts 

( 

1 

5. 

B&S  Grinder 

Grind  Canter  Lug 

Concentric  Reference  DIa. 
and  Steady  Rest  Support 

1 

i 

6. 

Handay 

Rough  Turn  Front 
Barrel  Segment 

Triangular  C-2  Carbide 
Inserts 

7. 

Handay 

Rough  Turn  Rear 
Barrel  Segment 

Triangular  C-2  Carbide 
1 nserts 

1 i 

8. 

HES  Latha 

Finish  Turn  Front 
Barrel  Segment 

Template,  VNMG  432E 
Coated  U225  Inserts 

1 ; 

\ 

9. 

HES  Latha 

Finish  Turn  Rear 
Barrel  Segment 

Template,  VNKG  432E 
Coated  U223  Inserts 

10. 

Grinder 

Plunge  Grind 
4 Bosses  at 
Barrel  Front 

Inspection  Micrcmetei 

II. 

Handay 

Finish  3 Corner 
Radii  at  Barrel 
1 ugs 

VNMG  432E  Coated  U225 
1 nserts 

12. 

Br idgaport  Mill 

Mill  Lugs 

Dividing  Head,  Support 
Jack,  Carbide  End  Mil) 

13. 

Handay 

Face  Barrel  Ends 
to  Remove  Centers 
and  Chamber 

Triangular  C-2  Inserts 

' 

14. 

- 

Final  Inspection 

Mi  sc.  Gaging 
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3. ) TASK  III  - Proc«*i  An«<y>ls 

Th«  thr««  basic  barrel  fabrication  procaduras;  prafonn  machining, 
rotary  forging,  and  finish  machining,  t«ara  anaiyzad  and  rnducad  to  a 
sarios  of  almontat  operations.  A complata  flow  chart  ganaraCad  at  a 
result  of  technology  developed  on  this  program  is  presentad  in  Figure  39. 

3.3. I - Cost  Model 

An  equation  was  written  for  each  of  thase  operations  which  defined 
the  Incremental  part  cost  in  terms  of  machine  parameters,  part  geometry, 
and  Indirect  costs  such  as  tooling  and  gaging  requirements.  The  combined 
series  of  equations  represents  a cc/mprahensi vr  cost  model  for  the  entire 
manufacturing  process  as: 

COST  RAW  HAU RIAL  PREFORM  GFM  FINISH 

BAkHtl  " COSTS  MACHINING  FORGING  MACHINING 

The  model  wes  constructed  to  allow  for  operator  Inefficiency  and  yield 
for  each  operation.  The  latter  term  was  ex,.ressed  as  the  fraction  of 
useable  parts  produced  per  operation  divided  by  the  total  number  of  parts 
machined.  Thus,  dividing  the  elemental  cost  by  the  appropriate  yield 
factor  will  account  for  scrap  losses  incurred  as  a result  of  a particular 
operation. 

The  first  operation  involves  raw  material  and  it  can  be  expressed 
as  a product  of  the  cost  per  pound,  the  volume,  and  the  material  density, 

•s; 


RAW  MATERIAL 
PER  PART 


C^M  (p)  (ir  0|pF  ) 


(I) 


3 


On  receipt  of  the  material,  one  end  of  the  bar  is  faced  to  provide  a 
square  surface  for  gun  drilling  and  to  identify  the  highly  concentric 
entrance  hole.  The  facing  operation  involves  a straightforward  chucking 
operation,  as; 


FACING  COST  . ^ ^ , 111  (N  I 

PER  BLANK  '^LU  1777  * N__  ^^CPF' 

nz  LU  LT 


(2) 


•5 

A complete  glossary  of  terms  in  the  cost  model  equation  appears  at  the 
conclusion  of  this  section  for  ready  reference. 
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mf: 


V- 


The  tarm 
the  facing 


is  the  loed-unloed  time  while  the  second  term  represents 

ime  for  one  cut,  in  symbols  The  last  term 

FEED  RATE. 

expresses  the  tool  costs  on  a per  part  basis.  The  gun  drilling  costs 
Involve  a machine  cost  element  and  a tooling  consumption  cost.  The 
aquation  has  the  form; 


GUN  DRILLING 
PER  BLANK 


''‘^CGO  ^‘■PF^  ‘^Gd‘-PF 

rZJC  * ‘^GDS^PF^ 


G03f 


GO 


lOS^S 


(3^ 


Actual  drilling  time  is  the  quotient  of  blank  length,  Lp,  and  the  feed 
rate,  Eqq.  Subsequent  multiplication  by  the  labor  plus  overhead  rate, 
^CGD*  yield  factor  terms  results  in  the  actual  costs.  The  last 

two  terms  represent  the  tooling  and  resharpening  costs,  respectively, 
on  a per  barrel  basis. 


The  preform  prepai  ition  following  gun  drilling  was  accomplished 
in  three  operations:  center  drilling  time,  tQc.  ®nd  shaoing  time,  tp|^ 
and  , and  0.0.  cleanup  time,  Lqq.  The  drive  end  stub  cutting  time 
was  expressed  as  the  volume  of  stock  removed  divided  by  the  metal  removal 
rate,  MKR^p,  as; 


t 

GS 


Vfs 

rant 


nc 


(M 


The  0.0.  tuF-ning  t ime  was  defined  as  the  preform  length,  Lpp,  divided  by 
the  feed  rate,  fpp,  and  the  part  speed,  RPMp^  . The  full  equation  then 
becomes ; 


PREFORM  0.0.  _ ^^PF  _ .*Su/pFS  . '"PF  ^ 

MACHINING  COSTS  " Ypp  ^PM  Np  MRRpp  fp^RPM^p^ 


+ 


^^CPF^ 


(5) 


The  completed  preforms  were  then  GFM  forged  which  involved 
machine  time  costs,  Cqp|,^,  multiplied  by  the  preform  length,  Lpp  and 
the  feed  rata,  fgpfi^,  plus  the  die  and  mandrel  tooling  costs  ex;.  ..ssed 
on  a per  part  basis.  The  equation  has  the  form; 
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UFM  FORGING 
COSTS  PER  BARREL 


^‘  PF^ 

(f  ) Y 
' GFM'  GFM 


'iM  ^ r 


The  subsequent  f*nishlng  process  sequence  for  the  M- 1 3^  barrels 
was  reduced  to  taelve  operations.  The  first  operation  involved  loi^aliun 
of  the  chamber  with  respect  to  the  breech  end  of  the  bnrrel,  cutting 
off  the  rear  stub,  and  center  drilling  the  breech  end.  The  costs 
involved  the  gage  time,  t^;  the  setup  time,  t^u,  divided  by  the  number 
of  parts  In  the  manufactur  Ing  Iol,  Np;  cut-off  time,  t^-Q,'  and  the  center 
drilling  t.me,  t^Q.  The  center  d r I I I , Cq,‘  and  cut-off  tool  insert,  Cqq-j-; 
costs  represented  the  tooling  co<cs  for  this  operation.  The  equation 
was  v.T  1 tten  as ; 


OPLRAT.ON  I 

CHTOBrTTOTIT  cost 

BREECH  CUTOFF  PW 

AND  CcNTER  SnILL 


AC  I D 

M , Sll  IP  V 

- ^ — (tr  ^ fT~  TT”"*'  40^ 
P CO  ^ 


^ ‘'CO  ^ ^COT 

^ C7  TTri 

CD  ET 


I'ith  the  breech  end  remaining  in  the  chuckhead,  the  breech  configuration 
was  finish  turned  over  the  rear  barrel  lug.  Basically,  this  operation 
involved  turning  the  breech  C.O.  and  the  rear  lug  O.D.  to  finish  size. 

The  equation  was  formulated  in  terms  of  initial  and  final  diameters  and 
lengths  for  each  section  divided  by  the  feedrates,  depths  of  cut,  .snd 
part  RPM.  Tooling  costs  were  limited  to  the  indexable  triangular  carbide 
inserts.  The  equation  has  the  form  after  much  algebraic  simplifying; 


OPERATION  2 


BREECH  MACHINE 


COST 


V« 


+ ‘"it'^cb 


After  the  breech  'leomotry  was  established,  the  mu^/le  end  w.is  cut  t(' 
length  and  center  drilled  to  provide  concentricity  control  between  the 
bore  axis  and  the  O.D.  Five  operations  were  conducted  on  the  machine 
tool  : 

1)  tg  “ gage  length  time, 

2)  tj-Q-  cut-off  time,  ■ D|(^/2fj,^ 

3)  tj  ■ setup  time, 

load -unload  time,  and 

S)  t - center  drill  time 
CD 

Two  tools  were  required,  a cutoff  and  a center  drill.  The  full  equal  ir>n 
was  wr ■ t ten  as : 

OPERATION  3 

CUT  MUZZLE  COST 

AND  CENTER 
DRI  '.L 


Preservation  of  the  T.I.R.  at  the  center  luq  and  provision  for  steady 
rest  surface  was  accomplished  in  Operation  The  cente.  luq  was  qround 

to  size  in  time,  t^_  “ “IM  " ^CL  and  a load-unload  time  t|  ,|  was  required 

for  each  barrel.  Wheel  consumption  und  the  cost  of  'tossei  wi-ur  wus 
included  in  the  tooling  costs.  The  equation  was  formulated  as: 


AC. 


(t; 


t 


N„ 


+■  t 


LU 


CO 


CD 


^COT 
7T^ 


rr — 

cOi  LI 


(9) 


OPERATION  ^ 

GRIND  O.D  AT  C0ST_''^H  ,,  . ^1)^0  , , ,, 

CENTER  LUG  PART  “ ^^LU  “17^  ^ 

M G PW  UD 

Two  roughing  operations  were  provided  to  renurve  excess  slock  to 
within  .010  inch  (.0762  cm)  of  finish  size  at  an  econom  i c.i  1 1 y hiqti  MRil 
but  wit  hou  t ser  i ous  loss  of  T.I.R.  Subsegueni  finishing  opi-ijtioris  wcri' 
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designed  to  restore  any  lost  T.I.R.  accuracy  at  minimum  machine  time 
requirements.  The  muzzle  e:  ‘ was  rough  turned  to  a .629  inch  (1.598  cm) 
cylindrical  diameter.  The  metal  removal  coits  were  defined  as  a load- 
unload  time,  and  a machining  time,  t|^.  The  latter  was  defined  as 

the  quotient  of  the  stock  volume  removed,  V 


MRR  (RPfy(dj^)  (f  . Combining  and  simplifying  these 

terms  yielded  the  following  expression: 


OPERATION  5 

ROUGH  TURN 
MUZZLE  END 


Ym  " 


■ui^ 

/ 


A similar  development  was  made  for  rough  turning  the  area  between  the  two 
barrel  lugs.  With  the  exception  of  the  diameters  involved,  this  expression 
has  the  same  form  as  equation  (II)  previously  discussed.  Thus,  this 
relation  was  written  as: 


OPERATION  6 

ROUGH  TURN 
BETWEEN  LUGS 


'■'m^'^IM  *“  *^RTb\  ^ i''’cRT 


/ ^ . n in  iM  u \ I 

^\U  Zd^f^RPM^  ' 1 


The  rough  turned  blanks  were  finish  machined  in  two  setups  on  a tracer 
lathe.  Each  of  these  operations  were  modeled  individi  il ly.  Turning 
of  the  portion  between  the  center  lug  and  the  muzzle,  L^,  was  conducted 
between  the  rough  turned  diameter,  and  the  final  size,  Dp^.  The 

major  tool  costs  were  the  diamond  shaped  carbide  inserts,  C(o,  and  that 
for  tracer  template  fabrication,  Cx,  divided  by  the  total  number  of 
parts  it  can  produce  within  specification,  Npy.  The  final  equation 
becomes : 


OPERATION  7 

FINISH  TURN 
FRONT  BARREL 


COST  ^^M  , . ^M^'^RTM“*^FM^  ^ 

PART  “ '‘^LU  2dyf^yRPMy  ^ 


<^ID^W  . Sf 


As  with  the  roughing  operations  on  the  barrel  segments,  the  similarity 
also  exists  for  the  other  finishing  procedure.  The  equation  for 
describing  the  cost  of  finish  machining  the  barrel  area  between  the 
lugs  differs  from  Equation  (18)  only  by  the  actual  values  of  length 
and  JIameter  involved.  This  equation  was  written  as: 


OPERATION  8 


FINISH  TURN 

COST 

AC„ 

. ‘■'b^'^rtb 

BETWEEN  LUGS 

* T37p!PR7 

^ID^'CRD 

> 

'^PT 

'FB' 


(IM 


A grinding  operation  was  required  to  size  the  four  bosses  within 
the  specified  tolerance  envelope  of  inches  (l.573t*o8s  cm),B^^. 

Each  boss  was  plunge  ground  with  a flat  wheel  at  an  infeed  rate  of  f^ 
from  the  finish  turned  diameter  Dpj  to  the  finish  boss  diameter  Byg. 

In  addition  wheel  and  dresser  costs  were  included  on  a per  part  basis, 

Cy  and  Cq.  The  former  was  determined  on  the  basis  of  the  stock  volumes 
removed,  the  amount  of  available  wheel  volume,  the  grinds  between  dresses, 
and  a dressing  allowance  of  .001  Inch  (.0025  cm)  per  dress.  The  combined 
dressing  equation  then  had  the  form: 


Wheel  Costs 
l^art 


(lO'S 


(15) 


The  grinding  costs  per  part  was  then  expressed  as: 


OPERATION  9 
BOSS  GRINDING 


«te) 


COST  _ 

PARf-Y^  ^—77 

2C do"'*)  C (N  ) 

+ •=7— = — + 


* ^LU  * N ^ 

D 


■ ^sw 


N 


DD 


(16) 
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Included  in  Operation  9 Is  the  finishing  of  the  front  face  of  the  center 
lug  and  the  generation  of  the  corner  radius  between  the  lug  and  the 
boss  diameter.  Thus,  only  three  remaining  radii  required  cleanup  at  the 
two  barrel  lugs.  The  operation  involves  setting  up  a form  tool  to 
plunge  into  the  corner  to  a preset  distance,  thus  the  cycle  time  becomes 
a summation  of  a setup  time,  tcy,  and  a cutting  time  t^'  Tl'*  setup  Is 
made  once  for  Np  parts  machined  so  the  cycle  time  is  a sum  of  t^  and  the 
load  **unload  time  t^y.  The  complete  cost  equation  including  tool  con~ 
sumption  costs  becomes: 


OPERATION  10 
CUT  RADII 


COST  _ (3tM  + 2t,y 

mr  TT 

H 


X . ‘'ID^CRAD  . 

’ * — R — R 

^ED  '^P 


(17) 


The  reliefs  on  the  center  and  breech  lug  are  milled  on  a single  setup 
to  assure  proper  registry  of  the  contoured  surfaces.  The  milling  time 
becomes  the  sum  of  the  paths  transversad  by  the  mill  divided  by  the 
feedrate,  f^.  For  the  front  lug  this  is  l.i  Ly  and  the  rear  lug  is  the 
partial  ci  rcumfei’ence  represented  by  the  126°  segment  around  the  lug  of 
diameter  DpL.  This  path  becomes  1^”  ^ plus  an  allowance  factor 

of  101  for  slight  overtravel.  The  overall  equation  also  considered 
load-unload  time  tnj»  the  setup  time  per  part  tju*  tool  con- 

Np 

sumption  cost  per  part  and  was  written  as: 


OPERATION  il 
LUG  MILLING 


COST 

TOT 


AC„  f 


M 


tsu 


\u  ^ ( 


^ a 


7 


M 


/ml 


(18) 


The  final  operation  involved  removal  of  the  excess  stock  at  each  end  of  the 
barrels  containing  the  centers  and  chamfering  the  cut  edges  to  print 
specifications.  This  involved  a gage  time  Tq  plus  the  plunge  cuts  and 
chamfering  times.  The  cutting  times  were  defined  as  the  depth  of  cut 
in  terms  of  the  barrel  thickness  divided  by  the  feed  rate  f^.  For  the 
breech  end  this  was  FB~  ^C  and  Om  ~ .308  3^  the  muzzle.  The  complete 

ZTf  ZfC 

equation  was  expressed  therefore  as: 
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OPERATION  12 


REMOVE  CENTERS 
CHAMFER  ENDS 


COST 

fm 


+ 


+ tj.) 


+ 


2C|t  N, 


ET 


(19) 


The  total  barrel  fabrication  cost  then  becomes  a sum  of  Equations 
(I)  through  (19)  with  the  exception  of  Equations  (4)  and  (15)  which  merely 
define  specific  aspects  of  time  elements  within  a cost  equation.  Ail 
terms  in  the  equation  are  in  units  of  dollars,  inches,  and  minutes  and 
a complete  glossary  of  these  terms  in  alphabetic  order  is  presented  at 
the  conclusion  of  this  report. 

The  infiuence  of  any  machining  or  forging  variable  on  cost  can 
be  quantitatively  defined  through  the  cost  model  equation(s)  for  the 
appropriate  element.  Further,  the  high  cost  elements  can  be  identified 
for  consideration  of  process  optimization  studies.  0 erations  I through 
12  in  the  cost  modei  represent  the  0.0.  machitting  costs  and  are  valid 
for  any  method  of  generating  the  internal  barrel  configuration  whether 
it  be  conventional  drilling  and  broaching  or  GFM  combined  rifling  and 
chambering  procedures. 

'•3.2  Manufacturing  Costs 

Appropriate  data  derived  froni  Tasks  i and  II  were  inserted  in  the 
routing  and  cost  model  to  define  the  actual  cost  to  manufacture  an  M-i34 
berrel  from  H-l I steel.  The  assumptions  involved  in  this  calculation 
are  as  fol lows : 

1)  the  lot  size  Is  3000  barrels, 

2)  all  machine  tools  have  adequate  rigidity  to  sustain 
the  cutting  forces  involved;  a typical  machine  would 
be  a W&S  IbC  NC  chucker,  for  example,  and 

3)  appropriate  chucking  and  gaging  tooling  is  available. 
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The  r«w  m«teri«)  costs  were  computed  with  Equation  \ where: 


thus; 


and; 


and; 

C, 


'RM 


IPF 


"PF 


1.708  $/lb 
.2^19  Ib/in^ 
1.420  In 
17.5  in 


- pC 


RH 


nO 


IPF 

TT 


1 


'PF 


$11.79  P«r  barrel . 


Facing  prior  to  gun  drilling  Involved  Equation  2 where; 


A 

C. 


I .05 


$. 42/mi n ($25.00/hr  for  man-machine  L+OH  rate) 


thus ; 
COST  - 


CPF 


1.05  (.42) 
— 


^ iiTTirr 


. 1.15  (0.1) 

+ 5 


- $.31  per  barrel . 


3 
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'lu 

m 

.16  min 

^IPF 

m 

1.420  in 

^CD 

- 

1.4  in/m  in 

St 

•a 

$1.15 

j 

N„ 

6 

ET 

: 

W 

m 

1 .00 

'M2  i 1 

^CPF 

“ 

0.1 

1 

. J 


Gun  drilling  costs  w«r«  computod  with  Equation  (3)  whora; 


thus; 


i 

■ 

1.05 

GO 

m 

$.42/min 

m 

1.2  i n/m i n 

GO 

PF 

m 

17.5  In 

G03 

■ 

.995 

GO 

m 

$40 

lOS 

35  In 

's 

m 

50 

GOS 

m 

$2.00 

“SO'-PF 

. ^Go'-PF 

GO  GD3  'I OS'S 


“*■  ‘'GDS'^SPF^’ 


S " (3)(.50)(I.05), 


Cj  ■ $8,427  per  barrel. 


Completion  of  the  preform  configuration  for  the  M-134  barrel 
illustrated  in  Figure  2i  but  with  a cylindrical  0.0.  D|pp  > 1.420  inches 
is  described  by  Equation  (5)  of  the  cost  model.  The  relevant  terms 
are  defined  as  follows: 


1 .05 

$. 42/m in 


w 


thus; 


C5 


‘cc 

.083  min 

^PM  " 

.50  min 

‘su  " 

60  min 

%FS- 

2 2 

PREFORM  STUB  VOL  - J-^*^IPF  '*^®^  )(*393).  j^j, 

0,+D. 

(RPM)  (FEED)  (DEPTH  OF  CUT)  (ir)  (-ly^) 

MRRpp- 

m 

(ilOO)  ( . 02 ) ( . 05)  (ir ) (i:^|llZSl) 

m 

5.55  In3/mln 

^PF  " 

17.5  In 

^CO 

$8.50 

- 

.02  In 

PF 

- 

100 

CD 

RPHpF- 

koo 

^IT 

$1.15 

'‘et  • 

6 

Y__  - 

1 .00 

PP 

”CPF  • 

.5 

'71  It  1 ^5U  , ''PFS  ‘-PF  1 

. ^ , 

PP  1 

p^cc  * m;^  "•f-WMpTi 

1 “cD 

In* 


IT^CPF 


'ET 


and ; 


1.05(.‘»2) 
rdr  - 


083)  + -50  + + roTRwf 


2(8.50)  . (I.I5)(.5) 
16'6 


Cj  - $1,567  per  barrel 
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The  completed  preforms  are  then  rotary  forged  at  a unit  cost 
defined  by  Equation  (6).  The  pertinent  costs  are  identified  as  follows: 


A 

m 

1.05 

**GFM 

m 

$0. 833/mi n (Estimated  L-H)H  rate  for  GFH  machine  $50/hr) 

•■PF 

m 

17.5  In 

^GFM 

m 

3.937  In/ml n 

^GFh 

m 

.995 

‘•FM 

m 

$420.00 

^*F 

m 

500 

m 

$2000 

NpO 

m 

10.000 

thus  for  Equation  (6) 

A(C,,„)  (U„J 


and; 


^FM  . ‘'0 


- ""'GFM^'-PF'  . ....  . 

6 y—  + |T—  + |T-  , 

^gfm'Vm^  "f  '^PD 


. . (1.05) (.833) (17. 5)  . 420  . 2000 

^^6  i3.§3n(.9^) — ^ ^ wm ' 


- $4,949  per  barrel 


The  twelve  machining  operations  to  finish  the  O.D.  are  treated 
individually.  The  first  involves  machining  the  breech  end  and  requires 
definition  of  the  following  terms  to  solve  Equation  (7): 


A - 1.05 

- $.  42/m  in 

- .995 

t - . 1 6 m i n 

^SU  “ 


104 


1.208  in 

^CD 

I.A  In/fflin 

^cc  ■ 

.083  min 

$8.50 

"cD  ■ 

100/ 

^COT  “ 

$1.15 

^COT  " 

20 

- 

6 

thus 

for  Equation 

(7); 

AC^ 

C?  - y— - ( 
' MT 

‘su  °IB  V ^CD  ^^COT^ 

*“  T «T»  ("tT>(W  ■ 

and; 

i % A ^ \ 

- $.^»03 

per  barrel. 

The  breech  machining  costs  are  defined  by  Equation  (8)  with  the 
following  values  assigned  to  the  terms: 

A 

!.05 

$.42/mi  n 

- 

.01  In/rev 

RPMb  - 

400 

- 

.995 

Ld  - 

1.650  in 

“iB 

B 

1.208  in 

“fb 

■ 

.937  in 

“b 

m 

.02  in 

'•RL 

■ 

.188  in 

°RL 

m 

I.I9I1  in 

‘^IT 

■ 

$1.15 

’'CB 

m 

.25 

»*ET 

m 

6 

^M8 

- 

.995 

thus; 


^8 

^8 


I—-'; — 


U/  V.ui;  v»UU/  Ulflfs; 


♦ L 


RLI 


^ TT 


‘^IT^'CB 


ET 


yu.^<'-.??8  -??7) , ,»] 
I ‘“^  '1 


Cg  •■  $i!.297  p«r  bar-cl. 


fort  for  t.h*  n«xt  operation,  cutting  the  muzzie  end 
is  descriSed  by  Equation  (9)  w'th  the  following  veiuei  fvr 
terms: 


A - i.05 

■ $.l«2/min 

Y„,  - -993 

tg  ■ .083  mi  n 


^ (I.I9M.25) 
6 


• center, 
the  various 


i06 


^ 1. 


G«nar«tlon  costs  of  th«  ruforanc*  diamatar  at  tha  cantar  lug 
by  grinding  ara  dafinad  by  Equation  (10)  with  tha  following  tarms 
daf Inad: 

A - 1.05 

- $.<l2/mln 

’'hio- 
'lu  ” •** 

0|^  ••  l.080  in/1.120  in  at  Lug 

- l.lOO  In 

f-  • .036  In/mln 


$12.50 

25000  9 .001"  drass  & lUO  parts/drass 


C.^  - 


. ti  II  + 

D 0 ) C C 

l«  - CL  + W + 

^MIO 

LU 

. 

^DD 

(1.05) 

(M) 

\ . 1.120-1.100].  12.50 

$.  19*»/barrel 


Rough  turning  costs  for  th«  barrel  eheed  of  the  center  lug  are 
described  by  Equation  (II)  with  the  terms  identified  as  follows: 


A 

■ 

1.05 

m 

$.l»2/mln 

^Hll 

m 

1 .00 

m 

.16  min 

“•M 

m 

9.0  In 

m 

1.120  In 

“rtm 

m 

.629  in 

‘'r 

m 

.05  In 

^R 

m 

.02  in 

RPM^ 

m 

l«00 

St 

m 

$1.15 

'^ET 

m 

6 

^CRT 

m 

2 

thus  for  the  equation; 

AC„  { 


V- 


'^11  " 


(1.05)(.<»2) 


C, , ■ $2,890  per  barrel. 


Similarly,  roughing  the  barrel  between  the  lugs  on  a taper  is 
defined  by  Equation  (12)  with  the  following  terms  identified; 


A • 

• 1.05 

C ■ 

M 

42/ml  n 

^MI2 

1 .00 

'lu  ■ 

. 1 6 mi n 

l'b  ■ 

1 1 .312  in 

0 " 
IM 

1.120  in 

°RTB 

.880  in 

*^R  ’ 

.05  In 

^ " 

.02  in 

RPM^  - 

400 

St  “ 

$1.15 

N' 

2 

CRT 

N _ - 

R 

thus,  Equation  (12)  has  the  form: 


12 


AC. 


MI2 


B 


(0 


‘LU 


- 0 )1 
IM  RTB' 


St^'crt 

^ET 


. _ (1.05)(.^2) 

h2  — n.MT 


11  .312  (1.120  -.880){  . (I.I5)(2) 

T2Tr.W(T67)-(i*'6d)  r E— ^ 


c 


12 


I 10 


$1  . 950  per  barrel  . 


The  next  operations  involved  finishing  the  barrel  ahead  of  the 
center  lug,  Equation  (13) > and  betv»en  the  lugs.  Equation  (1^).  The 
terms  for  cost  analysis  of  the  former  equation  are  listed  as  follows: 


A - 1.05 

■ $.l|2/min 

Y„  - .995 

^LU  " *'^  "**'’ 

- 9.0  in 

°RTM  " 

Dp..;  “ *550  in  avg 

dp  » .01  in 

fp  .01  in/rev. 

RPMp  - 400 


$1.85 

I 

4 


Equation  (I6)  describes  grinding  costs  to  finish  the  k bosses  to 
size  and  dress  the  front  iug  radius.  The  pertinent  terms  are  as  follows: 


A 

C. 


1.05 

$.42/min 

.999 


m 

.629  in 

®TE 

m 

.619  In 

m 

.036  in/ml n 

m 

.16  min 

m 

.it  min 

m 

20 

m 

$12.50 

m 

12  in 

'^sw 

■ 

7 in 

s 

■1 

$25. 

-2 

% 

5x10 

^PD 

■ 

105 

J 


' 


, i 
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thus  for  Ei|UOtlon  (I6h 


grinding  on*  b*rr*l. 

Th*  cost*  to  cut  th*  roMining  thr**  radti  Involv*  th*  following 

t*r«s: 


A 

m 

1.05 

- 

$.A2/min 

- 

.555 

m 

.25  min 

^LU 

- 

.16  min 

^'lO 

- 

$1.85 

'*crad" 

.25 

»‘eo 

■ 

A 

^SU 

m 

30  min 

»‘o 

- 

3000 

l|i| 


Yh«  cost  oquotion  for  rodti  finishing.  Equation  (17) t has  tha  form; 


AC. 


'.7- 


HI7 


^ID**CRA0  ^ 


’S,«‘lU  ♦-11^7- ♦-Ti7 


■ $.59^  par  barrel. 


Lug  milling  costs  Involve  tha  following  terms: 


A -1.05 

- $. 42/mi  n 

"m  - *595 
hu  " 

^LU  " . 16  min 

Np  - 3000 

ly  - .7?.6  In 

« 1.042  In  avg 

- .5  in/m  In 

Sl  “ 

N„  - 20 
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th«is  For  co&l  calculation,  Equation  (I8)  has  the  fonn: 


•nd; 


726  *.3Sn 

T 


(l.0^2)\? 


Cjg  " $2>503  P«r  barrel. 


The  final  operation,  breech  and  muzzle  end  finishing,  involves 
the  following  terms: 


1.05 

$.l»2/min 

.999 

.16  min 
.937  In 

. k88  I n 

l.l»  in/ml n 
.540  in 
.2  min 

$1.15 

.05 

6 


il6 


Cost  Equation  (19)  has  che  form: 


Cjg  “ $.355  P«r  barrel. 


The  total  manufacturing  cost  is  represented  by  the  sum  of  these 
IncresMntal  costs  and  amounts  to  $35*723  per  H-13^  barrel  in  H-ll  ailoy 
plus  a raw  m<iterial  cost  of  $11.79  per  starting  blank  or  a total  cost 
of  $47*513.  Similar  calculations  for  the  IN  903  alloy  resulted  in  a 
manufacturing  cost  of  $52*350,  when  combined  with  the  $29,525  raw  material 
cost  for  a final  total  cost  per  barrel  of  $81,915.  These  costs  must  be 
weighed  against  the  performance  increase  of  these  materials  over  the 
conventional  Cr*>Mo-*V  steel  barrels.  The  Incremental  costs  are  sunmarized 
in  Table  XXIV  for  comparison  with  the  H-ll  M-134  barrel.  The  data  show 
that  manufacturing  costs  for  IN  903  barrels  are  1471  greater  than  H-ll 
and  the  material  costs  are  250t  greater  with  the  total  cost  differential 
reaching  172).  The  importance  of  contour  forging  the  M-134  barrel  becomes 
apparent  when  it  is  recognized  that  while  use  of  a more  refractory  alloy 
raises  the  metal  removal  costs  significantly,  the  raw  material  costs  remain 
the  largest  single  cost  factor.  Thus,  efforts  to  minimize  material  loss 
as  chips  can  be  cost  effective.  Comparison  of  GFH  procedures  to  generate 
the  rifled  bore  and  chamber  with  conventional  mechanical  means  in  ordinary 
Cr-Mo'V  steels  established  that  this  process  is  cost-effective.  Complete 
rifling  and  chambering  costs  for  GFH  processing  amounts  to  slightly  loss 
than  $5*00  per  barrel  including  tooling  while  conventional  methods  would 
involve  drilling,  reaming,  broaching,  and  chambering  operations  costing 
approximately  $10.00  for  a 20-22  inch  (5l~5b  cm)  7.62mm  gun  tube. 
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TABLE  XXIV 


Co«t  Coiwparlton;  H* 


Cost  Element 

H-  II 

«H  903 

Operation 

$11,790 

$29,525 

Raw  Hater iai 

^2 

.313 

.313 

Facing  Bar 

B.k27 

11.927 

Gun  Dri 1 1 ing 

S 

1.567 

2.579 

O.D.  Preform  Turn! 

4.969 

4.949 

GFH  Forge 

^7 

.403 

.403 

Breech  Trim 

^8 

1.297 

2.546 

Finish  Breech  0.0. 

.436 

.436 

Cut  Muzzle  End 

•*10 

.194 

.194 

Ref.  Dia. 

‘^ll 

2.890 

5.326 

Rough  Turn 

^12 

i.550 

5.447 

Rough  Turn 

S3 

4.486 

8.423 

Finish  Turn 

Sn 

1.802 

3.054 

Finish  Turn 

Se 

3.517 

3.517 

Grind  Bosses 

S7 

.594 

.594 

Cut  Radi i 

Se 

2.503 

4.327 

Mill  Lugu 

S9 

.355 

.355 

Trim  Ends 

S 

$47,513 

$81,915 

Total  Cost* 

‘^MFG 

$35,723 

$52,390 

Cost  w/o  Material 

*Since  plating  costs  are  comparable  to  standard  gun  barrels,  these 
figures  are  not  included. 


<1.0  CONCLUSIONS 

1.  Roltiry  rur<jln<i  offers  a melhod  to  significantly  reduce  row  motori.il 
requirements  over  conventlonol  procedures  that  start  from  o larger 
initlol  bar  size.  Hoterlol  savings  become  substantial  as  the  alloy 
costs  exceed  $10  per  pound  In  bar  stock  form. 

2.  Rotary  forging  can  be  employed  to  produce  cold  formed  barrels  to 
close  tolerances  both  on  the  bore  and  the  outer  envelope. 

3.  The  rotary  forging  process  offers  the  only  economical  alternative 
to  produce  rifled  and  chambered  gun  tubes  from  the  more  refractory 
alloys.  Conventional  drilling  and  broaching  methods  would  involve 
prohibitively  high  tool  consumption  rates  to  rifle  and  chamber  the 
more  refractory  alloys  at  hardness  levels  up  to  R 36**lt0. 

k.  The  first  task  of  the  program  successfully  defined  systems  of  rotary 
forging  parameters  and  preform  design  data  to  produce  partially 
contoured  H-13^  barrel  forgings  of  either  H-ll  steel  or  INCOLOY  903 
alloy  containing  fully  developed  rifling  and  a high  quality  chamber. 

5.  Additional  technological  development  is  required  to  produce  fully 
contoured  M>l3k  barrel  forgings. 

6.  Fabrication  of  H~l3k  barrels  using  U700  material  is  extremely 
difficult  and  highly  costly  In  terms  of  a cost  effectiveness 

Ml  • 

7-  Fully  contoured  M*2I9  barrels  containing  rifling  only  can  be 
successfully  forged  on  the  SHKIO  GFH  machine. 

8.  Forging  H-219  oarrels  of  H-ll  materiol  with  combined  rifling  and 
chambering  is  impossible  on  the  SHKIO  GFH  machine  because  of  limited 
machine  capacity,  however,  they  may  be  successfully  forged  on  a larger 
GFH  machine. 

9.  The  cost  model  developed  as  a result  of  this  program  can  serve 
as  a basis  for  further  process  optimization  and  cost  reduction. 

10.  The  cost  analysis  established  that  IN  903  must  outperform  H-ll 
H-13^  barrels  by  a factor  greater  than  1.7  to  be  cost-effective. 
Although  even  slightly  greater  performance  levels  in  a weapon 
system  may  amount  to  the  difference  between  non-survival  and 
survival  and  hence  the  cost-benefit  ratio  must  be  carefully  analyzed. 

11.  Cost  modelling  procedures  have  established  that  the  GFH  process  is 
superior  to  conventional  bore  and  chambering  operations  in  Cr-Ho-V 
steels. 
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5.0  GLOSSARY  OF  TElWS  IN  COST  MODEL 


■ Operator  AlioManca  of  ■ 1.05 

■ Boat  Olamatar,  In. 

- Cost/Barral,  $ 

Cantar  Drill  Coat,  $/0rlll 

■ L+OH  Coats  Han-M^chlna  for  Gun  Drill,  $/Mln 

- Gun  Drill  Coat,  $/Drlll 

■ Gun  Drill  Coat,  $/Drlll 

* L-H)H  Costa  Man-Machina  for  GFM  Machina,  $/Mln 

- Nandral  Coat  for  GFM,  $/Mandra1 

* Gun  Drill  Sharpening  Coata,  $/Evant 

" Carbide  Inaart  Costs  (Diamond),  $/lnsart 

* Carbide  Insert  Costs  (Triangular),  $/lnsart 

* L<H)H  Costs,  Han-ltechlnu  Machining,  $/Mln 

- Mill  Cost,  $/Tool 

* Cutoff  Tool  Insert  Cost,  $/lnsart 

- L+OH  Costs,  Man-Machina  Preform  Machining,  $/Mln 

* Raw  Matrlal  Costs,  $/lb 

- Grinding  Wheal  Cost,  $A/haal 

* Cost  Finish  Turn  Template,  $ 

■ Canter  Lug  Die.,  in. 

- Final  Muzzle  Die.,  in. 
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IPF 


'FT 


'IM 


IW 


IB 


'FB 


RL 


RTB 


'SW 


'RTM 


Initial  Rouqh  Praform  0.0.,  in. 
Ai-Turnctd  Dia.  at  Lugs,  In. 

Initial  Muzzia  DIa.,  In. 

Initial  Grinding  Whaal  Dia.,  in. 
Initial  Braach  Oiamatar,  in. 

Final  Braach  Oiamatar,  In. 

Raar  Lug  Oiamatar,  In. 

Rough  Turnad  Dia.  Batwaan  Lugs,  in. 
Stub  Oiamatar,  Grinding  Whaal,  in. 
Rough  Turnad  Huzzia  Ola.,  In. 
Chamfar  Dia. , in. 

HuzzIa  0.0. , in. 


Oapth  of  Cut  at  Braach,  in. 

Oapth  of  Cut  on  Praform  0.0.,  In. 

Oapth  of  Cut  for  Rough  Turning  Barrai , in 
Oapth  of  Cut  for  Finish  Turning  Barrals, 


■ Faad  Rato  on  Braach,  In/rov. 

- Cutoff  Food  Rate,  in/mi n. 

- Finish  Turning  Food  Rata,  In/rev. 

■ Grinding  I nf oed  Rata,  in/min. 

> Gun  Drilling  Faad  Rata,  in/min. 
Forging  Infead  Rata,  in/min. 

■ 00  Praform  Turning  Faad  Rato,  In/min. 
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■ Kough  Turning  F««d  Kat*.  In/rav. 
*•  Hilling  Faad  Rata«  In/mln. 


Rraaeh  Langth  to  Raar  Lug»  in. 

Cantar  Lug  Width,  in. 

Langth  Praform  Stub,  in. 

Langth,  Cantar  Lug  to  Muasla,  in. 

Langth  Batwaan  Lugs,  In. 

Praform  Langth,  In. 

Gun  Drill  LI  fa  (Inchas  Batwaan  Sharpanings)  (N^),  inchas 
Raar  Lug  Width,  In. 

Front  Lug  Flat  Width,  in. 


MRR 


<"  Hetal  Ramoval  Rate  in'’ /min 


(f,)(RPH,) 


XI 


CD 


XFT 


Numbar  of  Bossas  Ground  Batwaan  Drassings 

Number  of  Edges  Consumad/Part  CPF  ••  Praform,  CF  Forging,  CB  Breech 
Number  of  Canters  Cut/Cantar  Ori'il 

Numbar  of  Tool  Edgas  Consumad/Barral , Finish  Turning,  Front, 

Primad,  Raar 

No.  Tool  Edgas  Consumad  Par  Radius  Cut 

Numbar  Tool  Edgas  Consumad/Barral , Rough  Turning  Front, 

Primad,  Rear 

Numbar  of  Drassas  par  part.  Lug  Grind 
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Nuaib«r  of  Drostot  p«r  Orottor,  Lug  Grind 


NuMbor  Orottot  por  Whool  ■ $00  (Ojy^D^^) 

NuMbor  of  Cdgot/ln«ort»  CT  ■ 6 on  Triangular^  ED  • b on  dlanond 

NuMbar  of  Edgot  Contowad/frafonw  Turning 

Numbar  of  Forgings/Handral 

Nunbar  of  Tool  Edgaa  Contumad/Chomfar  Cut 

Numbar  Lugs  NMIad/Tool 

Numbar  of  Barralt  In  Lot 

Numbar  of  ForgInga/DIa  Sat 

Numbar  of  Parts  Nada/Tomplata  (FInIthi  Tracar  Latha) 

Numbar  of  Parts  Ground/Whoal 
Numbar  of  Darral  Ends  Cut/Tool  Edga 
Numbar  of  Sharpanings/Gun  Drill 
Numbar  Sharpanlngs/Praform  Orlllad 


Broach  Machining 
Praform  Machining 
Rough  Turning 
Finish  Machining 


Cut  Famala  Cantor,  Min. 


Cut  Off  Tima,  min.  - Dl/2fj 
Whool  Dross  TImo,  min. 
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..StiTJUr 


-j*  ,■>**•  ^ ^ 


• Gun  Drilling  time,  Hlnutas/Barral  - Lpp/f^p 

■ Avg  G«ga  Tima,  min. 

'^PFS 

■ Hachina  Grippar  Stub  on  Praform  ■ , min. 

- Load-Unload  Tima,  min. 

- Cut  Radius,  min. 

■ OD  Turn  Praform  ■ Lpp/fpp(RPM) 

" Cut  Muzzle  Praform  Tapers,  min. 

- Setup  Tima,  min. 

■ Center  Drill  Time,  min. 

- Volume  Stock  Removed  - •^(Dj^-Dp^)  Lj 
>■  Volume  Drive  Feed  Stub,  In 


■ Raw  Material  Weight/Bar,  Ib/Bar 

■ Forging  Yield  0<Y  <1.0 
- Machining  Yield 

■ Preform  Yield 

■ Grinding  Yield 


